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ABSTRACT 


This  report  presents  the  evaluation  of  candidate  materials  for  high 
temperature  aerospace  applications  in  three  sections:  the  evaluation  of  refrac¬ 
tory  alloy  coatings,  the  arc-plasma-jet  evaluation  of  materials,  and  the  evaluation 
of  plasma  sprayed  coatings. 

Section  I  describes  the  evaluation  of  two  columbium  base  alloys,  D43 
(Cb-lOW-lZr)  and  C129Y  (Cb-10 W-10Hf-0.  1Y),  each  with  six  different  oxidation 
resistant  coatings.  The  evaluation  consisted  of  metallographic  analyses,  bend 
and  tensile  tests,  cyclic  oxidation  tests  from  1600*  to  3000  *F,  and  statistically 
designed  creep  rupture  tests.  The  results  of  this  evaluation  are  described  in 
detail  and  the  coated  alloys  ranked  according  to  mechanical  properties,  oxidation 
resistance,  and  creep  rupture  behavior. 

It  should  be  noted  that  the  majority  of  the  coatings  were  semicommercial 
systems,  still  in  the  development  stage.  They  were  purchased  on  a  best-effort 
basis  and  their  performance  was  not  necessarily  representative  of  a  fully  optimized 
product. 

Section  II  discusses  the  results  of  screening  tests  at  cold  wall  heat  flux 
levels  from  100  to  1000  Btu/ft2  sec  of  two  resin  impregnated  zirconia  foam  ma¬ 
terials,  graphite  cloth  and  high  silica  fabric  laminates  of  phenolic  resin,  and  a 
gelatin  molding  compound.  In  addition,  this  section  contains  a  summary  of  pre¬ 
liminary  screening  tests  of  nine  candidate  materials  for  use  as  an  external 
ablative  coating  for  the  Mach  8  version  of  the  X-15  research  aircraft.  The 
results  of  these  screening  tests  are  presented  as  a  tabulation  of  test  conditions 
and  their  effect  upon  the  specimens.  Performance  indices  include  weight  loss, 
depth  and  volume  of  erosion,  density  change,  and  surface  temperature  behavior. 

Section  II  also  discusses  the  development  of  a  plasma  fired  rocket 
exhaust  simulator  which  employs  subscale  nozzles  as  test  specimens  and  has 
provisions  for  simulation  of  high  temperature  rocket  exhausts  by  controlled 
chemical  additives  to  the  plasma  effluent.  Preliminary  data  are  presented  for 
a  series  of  tests  of  ATJ  graphite  nozzles  in  a  nitrogen  effluent  seeded  with 
additives  of  CO,  C02  ,  and  H20  vapor. 

Section  III  describes  the  evaluation  of  factors  which  affect  the  bond 
strength  and  thermal  cycling  endurance  of  plasma  sprayed  ceramic  coatings 
modified  with  metal  additives.  This  evaluation  includes  the  influence  of  the 
primer  coating  upon  coating  adherence  and  the  relationship  of  particle  size  and 
ceramic/metal  ratios  upon  the  "as  sprayed"  characteristics  of  metal -graded 
ceramic  coatings.  Test  results  are  presented  for  NiCr  graded  ZrOz  and  NiAl 
graded  Al2  03  which  illustrate  the  relative  importance  of  the  plasma  spraying 
variables  (input  power,  arc  and  carrier  gas  flow  rate,  and  spray  distance)  and 
the  physical  characteristics  of  the  spray  powder  (blend  proportions  and  particle 
size)  as  they  affect  the  quality  of  the  sprayed  coating. 
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SUMMARY 


Section  I  Evaluation  of  Coating  for  Refractory  Alloys 

The  objective  of  this  program  was  to  evaluate  the  relative  potential 
of  commercially  available  coatings  for  columbium  base  alloys.  It  was  not 
intended  that  design  data  be  generated,  but  rather  that  a  range  of  capabilities 
be  established  for  these  coatings  and  any  inherent  deficiencies  which  could 
limit  their  use  be  identified  and  placed  in  proper  perspective. 

Three  general  areas  were  investigated:  the  effect  of  the  coating  and/or 
the  coating  process  upon  the  physical  and  mechanical  properties  of  the  substrate, 
the  oxidation  protection  provided  by  the  coating,  and  the  load-bearing  capability 
of  alloys  for  extended  periods  at  elevated  temperatures. 

Methods  of  evaluation  used  included  metallographic  analyses  of  the 
"as  received"  coated  alloys,  room  temperature  tensile  tests,  bend  transition 
temperature  measurements,  cyclic  oxidation  tests  from  1600  s  to  3000  °F,  and 
creep-rupture  testing  at  stress  levels  from  6000  to  9000  psi. 

The  metallographic  evaluation  and  the  tensile  and  bend  tests  provided 
the  necessary  base  line  information  for  assessing  the  effect  of  the  coating  and 
the  application  process  upon  the  physical  characteristics  of  the  base  metal. 

The  oxidation  resistance  of  the  coated  alloys  was  determined  through  a 
series  of  furnace  tests  in  still  air  in  which  specimens  were  cycled  to  room  tem¬ 
perature  at  hourly  intervals  for  inspection.  The  test  was  somewhat  stringent 
for  two  reasons.  First,  coating  life  was  undoubtedly  shortened  by  the  hourly  air 
quench  of  the  specimens.  Secondly,  specimens  were  retired  from  test  at  the 
first  sign  of  substrate  oxidation.  Thus,  the  test  was  a  measure  of  the  relative 
incidence  and  severity  of  critical  flaws  in  the  coating  under  conditions  of  thermal 
cycling  and  high  temperature  air  exposure. 

Oxidation  tests  were  conducted  on  four  specimens  per  coating  batch  at 
1600*,  2400*,  and  3000  *F  for  a  qualitative  definition  of  oxidation  resistance  at 
these  temperatures.  All  2600 SF  tests  and  a  few  at  2400*F  were  performed  on 
a  number  of  specimens  sufficient  to  permit  the  data  to  be  fitted  to  a  Weibull 
cumulative  failure  frequency  function.  With  these  data,  it  was  then  possible 
to  estimate  the  reliability  of  the  coating  (a  frequently  overlooked  factor)  and  to 
evaluate  the  mode  and  manner  by  which  coating  failures  occurred  (something 
rarely  considered  even  by  the  coating  vendors). 

In  evaluating  the  high  temperature  load-bearing  capability  of  these  alloys, 
creep-rupture  testing  was  chosen  in  preference  to  elevated  temperature  tensile 
tests.  This  was  based  upon  the  belief  that,  while  most  columbium  base  alloy 


development  was  directed  toward  attainment  of  improved  high  temperature 
tensile  properties,  such  tests  (in  reality,  just  accelerated  creep  tests)  had 
led  to  unwarranted  optimism  regarding  the  high  temperature  structural  capa¬ 
bilities  of  these  alloys.  It  was  felt  that  the  useful  upper  limit  of  temperature 
for  the  columbium  base  alloys  would  be  dictated  by  long  term  creep  behavior 
rather  than  short  term  hot  strength.  For  this  reason,  a  simple  creep-rupture 
experiment  was  included  in  the  program. 

The  same  six  coatings  (Pfaudler  PFR-32,  Boeing  Disil,  Chromizing 
Durak  KA,  LTV  Cr-B-Si,  TRW  Cr-Ti-Si,  and  Sylcor  Ag-Si-Al)  were  evaluated 
on  two  columbium  base  alloys,  D43  (Cb-lOW-lZr)  and  C129Y  (Cb-IQ  W-lOHf- 
0.  1Y).  Five  of  these  coatings  were  modified  silicides;  the  sixth,  Ag-Si-Al, 
was  a  slurry  type  coating. 

While  each  of  these  systems  was  considered  either  a  commercial  or 
semicommercial  coating,  it  became  apparent  during  the  evaluation  that  several 
coatings  had  hardly  passed  the  advanced  research  stage.  Some  vendors  were 
unable  to  process  in  a  single  coating  operation  the  modestly  sized  lot  of  speci¬ 
mens  used  in  this  program.  Where  two  coating  batches  were  evaluated,  signif¬ 
icant  differences  between  batches  were  often  observed.  This  was  also  noted 
among  specimens  from  a  common  batch.  Batch -to -batch  and  specimen-to-specimer. 
variations  both  suggested  inadequate  control  of  the  coating  processes. 

Intimate  bonding  of  the  coating  to  the  substrate  was  achieved  with  each 
of  these  systems  by  chemical  diffusion  which  inevitably  consumed  a  portion  of 
the  substrate.  Decreases  in  substrate  thickness  from  starting  values  of  20  mils 
ranged  from  0.  6  mil  to  1.  4  mils  per  side  for  the  D43  and  from  0.  5  mil  to  1.  3 
mils  per  side  for  C129Y.  A  decrease  in  apparent  tensile  strength  of  6  to  14% 
could  therefore  be  anticipated  if  such  calculations  were  based  upon  substrate 
thickness  prior  to  coating. 

Four  of  the  coated  D43  systems  showed  an  increase  in  ultimate  strength 
after  coating.  The  TRW  Cr-Ti-Si  coating  produced  a  decrease  of  20  to  25%,  and 
a  severe  loss  of  strength  (40%)  was  measured  with  the  Disil  coated  D43.  Boeing 
had  reported  serious  problems  with  the  processing  of  the  D43  and  had  not  antici¬ 
pated  good  results. 

Ductility  of  the  D43  was  adversely  affected  by  all  of  the  coatings.  De¬ 
creases  of  ultimate  elongation  which  ranged  from  2?  to  60%  less  than  the  uncoated 
values  (19%)  were  measured. 

The  D43  alloy  was  purchased  in  the  stress  relieved  condition  am'  showed 
m  further  grain  growth  or  recrystallization  after  coating.  The  C129Y  alloy,  on 
the  other  hand,  was  submitted  for  coating  in  the  wrought  condition.  The  different 
coating  processes  produced  varying  degrees  of  annealing  and  recrystallization  of 
the  substrate.  This  was  reflected  in  the  tensile  test  results  which,  in  general, 
showed  a  decrease  in  ultimate  strength  to  values  near  that  for  recrystallized  C129Y 
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and  an  increase  in  ultimate  elongation  approaching  that  of  the  annealed  alloy. 

With  one  exception,  the  changes  in  tensile  properties  correlated  with  the  degree 
of  substrate  recrystallization  after  making  allowance  for  the  reduction  in  sub¬ 
strate  thickness  by  the  coating  process.  This  exception  was  the  Pfaudler  PFR-32 
coated  C129Y  which  exhibited  little  change  in  strength  and  ductility  despite  nearly 
full  recrystallization  of  the  substrate.  It  is  likely  that  base  metal  contamination 
was  responsible  since  the  bend  transition  temperature  of  this  system  was  rather 
high  (75*  to  125  ®F),  whereas  the  BTT  of  the  other  coated  C129Y  specimens  was 
well  below  room  temperature. 

Exceptionally  low  bend  transition  temperatures  were  measured  for  both 
coated  alloys.  Other  than  the  LTV  and  the  Pfaudler  specirm  is,  which  had  BTT 
values  of  0  *  to  25  #F  and  75°  to  125®F  respectively  for  both  alloys,  ductility  was 
maintained  to  -50  °F,  the  lowest  temperature  investigated.  Since  columbium 
alloys  are  easily  embrittled  by  interstitials,  the  vendors’  control  over  this  aspect 
of  the  coating  process  appears  to  be  unusually  well  regulated. 

The  cyclic  oxidation  tests  yielded  a  familiar  pattern  of  relatively  low 
reliability  and  a  predominance  of  edge  failures.  With  silicides  in  particular, 
coatings  tended  to  develop  deep  fissures  which  resulted  in  premature  failures. 

In  the  cyclic  oxidation  tests  of  D43  and  C129Y,  50%  of  the  failures  at  2400*  and 
2600  eF  occurred  at  an  edge. 

Inadequate  edge  coverage  was  evident  at  1600  °F  where  edge  failures 
were  observed  v/ith  4  of  the  6  coatings  on  both  alloys  in  short  term  exposures. 
Since  lifetimes  exceeding  several  hundred  hours  would  be  anticipated  for  these 
coatings  at  1600°,  it  can  only  be  concluded  that  severe  edge  defects  which  ex¬ 
posed  the  substrate  or  left  only  a  very  thin  protective  layer  were  present  in  the 
specimen  prior  to  test. 

Only  one  coating  demonstrated  protective  capabilities  at  3000 °F.  This 
was  the  Sylcor  Ag-Si-Al  system  (a  5  to  10  mil  non-silicide  slurry  coating)  which 
protected  C129Y  for  3  to  8  hours  and  D43  for  11  to  17  hours. 

The  other  coatings,  all  of  them  silicides,  failed  in  less  than  two  hours 
at  3000  °F.  However,  these  coatings  should  not  be  downgraded  for  this  reason, 
since  it  is  highly  probable  that  interaction  between  the  silicide  coatings  and  the 
alumina  support  medium  caused  accelerated  failures  of  the  specimens. 

Based  upon  Weibull  plots,  the  life  expectancy  of  these  coatings  in  cyclic 
oxidation  at  2600  °F  ranged  from  4  to  130  hours  for  coated  D43*.  At  2400°  and 
2600°F,  the  life  expectancy  ranges  for  coated  C129Y  were  9  to  100  hours  and  1 
to  130  hours  respectively.  Reliability  estimates  based  upon  a  90%  probability  of 

*  Life  expectancy  is  defined  as  the  time  to  failure  for  50%  of  *he  specimen 
population. 
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survival  also  showed  a  wide  range  of  lifetimes.  For  coated  D43  at  2600 'F 
the  lifetimes  associated  with  90%  survival  ranged  from  1  to  58  hours.  Coated 
C129Y  at  2400®  ranged  from  1  to  90  hours  and  at  26Q0*F  from  less  than  1  hour 
to  1 10  hours. 

The  outstanding  performance  of  the  Sylcor  Ag-Si-Al  on.  both  alloys  at 
2400®  and  2600  *F  was  not  unexpected  in  view  of  the  relative  thickness  and  good 
edge  coverage  provided  by  this  coating.  Among  the  silicides,  the  TRW  Cr-Ti-Si 
was  clearly  the  most  oxidation  resistant  and  consistently  outperformed  the  other 
coatings  at  every  temperature  level  but  1600  *F.  One  batch  of  four  TRW  coated 
C129Y  specimens  failed  very  early  in  the  1600®F  test,  while  a  second  batch 
successfully  completed  48  hours  at  this  temperature  without  failure. 

The  program  plan  called  for  creep-rupture  evaluations  of  two  coating 
systems  per  alloy.  An  error  by  one  of  the  vendors  eliminated  one  set  of  D43 
specimens,  making  a  comparison  of  creep-rupture  behavior  for  different  coat¬ 
ings  possible  only  with  the  C129Y  alloy. 

In  all  of  the  creep-rupture  tests,  extremely  clean  specimen  breaks  were 
obtained  with  very  little  oxidation  along  the  fracture  line.  This  indicated  that 
rupture  life  was  controlled  by  the  creep  characteristics  and  that  catastrophic 
oxidation  was  not  producing  premature  rupture  failures  by  gross  removal  of 
substrate  material.  The  appearance  of  the  ruptured  specimens  indicated  that 
the  coatings  protected  the  substrate  through  relatively  large  levels  of  creep, 
probably  up  to  the  initiation  of  third  stage  creep. 

The  Ag-Si-Al  coated  D43  had  measurably  greater  creep  resistance  and 
rupture  strength  than  C129Y  with  the  same  coating. 

At  2400 ®F,  rupture  life  of  the  Cr-Ti-Si  coated  C129Y  was  more  than 
twice  that  of  the  Ag-Si-Al  coated  alloy.  At  2600*  and  2800 ®F,  the  difference  in 
rupture  lives  diminished  significantly  and  the  TRW  system  was  only  slightly 
better  at  these  two  higher  temperatures.  Very  little  difference  in  creep  resis¬ 
tance  was  observed  between  the  two  C129Y  systems  for  creep  levels  up  to  3%. 
Since  structural  applications  of  columbium  alloys  are  creep— limited,  the  greater 
rupture  life  of  the  Cr-Ti-Si  coating  has  little  practical  utility.  In  terms  of  creep 
resistance,  the  two  C129Y  coating  systems  were  considered  equal. 

None  of  the  coating  systems  could  be  singled  out  as  being  superior  to 
the  others  in  every  area  of  evaluation.  Each  coating  had  one  or  more  serious 
deficiencies  which  could  restrict  its  use  in  certain  applications.  In  the  final 
analysis,  any  overall  performance  rating  must  be  closely  tailored  to  a  specific 
end  use  and  factors  such  as  reliability,  mechanical  properties,  and  creep  be¬ 
havior  weighed  accordingly. 

In  general,  it  was  noted  that  tnese  coatings  are  not  really  commercial 
systems,  but  are  actually  in  an  advanced  development  stage.  Consequently, 
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problems  with  scale-up  and  reproducibility  must  be  resolved  before  production 
hardware  can  be  routinely  processed. 

Users  of  coated  refractory  metals  must  recognize  that  with  diffusion 
type  coatings  a  reduction  in  substrate  cross  sectional  area  and  a  corresponding 
reduction  in  "apparent"  tensile  strength  is  almost  a  certainty.  Contamination 
by  interstitial  elements  during  the  coating  process  will  affect  the  strength, 
ductility,  and  bend  transition  temperature,  if  not  well  controlled. 

Most  of  the  coatings  are  processed  at  time -temperature  levels  sufficient 
to  cause  annealing  of  the  substrate.  Alloys  which  rely  upon  special  heat  treat¬ 
ment  for  their  optimum  properties  are  likely  to  be  severely  affected  by  the  coating 
process.  In  cases  such  as  this,  postcoating  heat  treatment  might  be  necessary 
to  restore  the  substrate  to  its  optimum  condition. 

Most  of  the  coatings  exhibited  potential  for  fairly  long  high  temperature 
service  but  were  compromised  by  a  propensity  for  early  failures.  If  absolute 
perfection  is  demanded  of  these  coatings,  their  reliability  is  extremely  low. 

If,  on  the  other  hand,  through  proper  design,  an  occasional  slow-growing  edge 
failure  or  pinhole  defect  in  a  coated  component  can  be  tolerated,  the  situation 
appears  much  improved. 

The  creep  tests  revealed  that  a  coating  can  affect  the  rupture  life  of  a 
columbium  alloy.  Such  information,  however,  has  little  utility  in  evaluating 
the  potential  of  systems  for  creep-limited  structural  applications. 

The  creep-rupture  tested  specimens  in  this  program  were  well  protected 
for  the  duration  of  the  testing  and  showed  no  evidence  of  premature  failure  due  to 
catastrophic  oxidation.  It  would  appear,  therefore,  for  short  term  applications, 
that  any  coating  which  is  reasonably  nonreactive  with  the  substrate  and  vhich  pro¬ 
vides  protection  to  the  substrate  into  secondary  stages  of  creep  will  give  satis¬ 
factory  service. 


Section  II  Arc -Plasma-Jet  Testing 

Arc  plasma  screening  tests  performed  on  two  2"  x  2"  x  1/2"  resin 
impregnated  foam  systems  and  a  gelatin  molding  compound  were  conducted  in 
a  120  KW  arc -plasma -jet  in  a  simulated  air  effluent.  In  general,  the  test  pro¬ 
cedures  followed  the  recommendations  of  the  Refractory  Composites  Working 
Group. 


One  of  the  foamed  zirconia  systems,  a  Manufacturer  I  material,  had 
exceptional  thermal  endurance.  Unfilled  specimens  survived  a  full  300-second 
exposure  at  275  Btu/ft2  sec  at  equilibrium  surface  temperatures  exceeding  400U  °F 
with  only  minor  thermal  stress  cracking.  This  was  in  marked  contrast  to 
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previously  evaluated  unfilled  foams  which  shattered  in  similar  tests.  With 
approximately  30  to  40  w/o  phenolic  resin  impregnact,  this  material  underwent 
no  measurable  erosion  during  test,  provided  good  back  surface  thermal  protection 
during  resin  ablation,  and  experienced  no  difficulties  with  thermal  stress  cracking. 

In  contrast  to  the  Manufacturer  I  material,  a  phenolic  impregnated 
foamed  zirconia  from  Manufacturer  UT  was  severely  eroded,  with  burnthrough 
occurring  in  120  seconds.  In  subsequent  furnace  tests,  it  was  shown  that  the 
structure  of  the  ceramic  was  not  continuous  and  the  foam  would  collapse  after 
slow  burn-out  of  the  resin.  It  was  concluded  that,  in  this  foam  composite,  the 
resin  acted  as  a  binder  and,  upon  ablative  decomposition  of  this  resin,  the  ce¬ 
ramic  would  be  washed  away. 

From  tests  of  a  gelatin  molding  compound  at  100,  500,  and  1000  Bfcu/ft*  sec, 
it  was  concluded  that  this  material  offered  little  potential  as  a  thermally  protective 
ablator  at  these  heat  flux  levels. 

Tests  of  several  phenolic /quartz  laminates,  including  one  with  a  top 
layer  of  1/16"  phenolic /graphite  cloth,  were  conducted  at  several  heat  flux  levels 
from  40  to  1000  Btu/ft2  sec.  No  particular  advantage  over  a  phenolic /quartz 
laminate  was  noted  with  the  twq.-layer  system.  Oxidation  of  the  phenolic  /graphite 
top  layer  resulted  in  rapid  exposure  of  the  phenolic /quartz  substrate  at  all  heat 
flux  levels.  The  phenolic /quartz  laminates  exhibited  typical  ablative  behavior  for 
the  class  of  materials,  with  perhaps  somewhat  less  thermal  insulating  ability  than 
had  previously  been  observed. 

Th.e  regular  test  procedure  was  modified  for  a  screening  evaluation  of 
candidate  ablative  coatings  for  the  Mach  8  version  of  the  X-15  research  aircraft. 
Coatings  of  nine  different  materials  in  several  thicknesses  were  bonded  to  Inconel 
plates  fitted  with  thermocouples  to  monitor  bondline  temperature.  Tests  were 
conducted  at  heat  flux  levels  of  15,  40,  and  150  Btu/ft2  sec.  These  levels  were 
representative  of  heating  rates  encountered  at  various  regions  of  the  aircraft 
during  flight. 

Two  silicone  elastomers  from  Manufacturers  EG  and  MC  were  identified 
as  having  a  potential  for  the  X-15  application.  Advanced  plasma  testing  and  a 
flight  evaluation  were  recommended  for  these  systems. 

A  technique  for  evaluating  candidate  nozzle  materials  in  a  simulated 
propellant  combustion  environment  was  also  investigated.  The  experimental 
apparatus  consisted  of  a  50  KW  arc-plasma-jet  equipped  with  a  mixing  chamber 
for  controlled  addition  of  liquids  and  gases  to  the  plasma  effluent,  a  fixture  for 
coupling  subscale  test  nozzles  to  the  plasma  jet  discharge  orifice,  a  test  cham¬ 
ber,  and  a  wet  wash  scrubber  assembly  for  cleaning  and  disposing  of  the  test 
products. 
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Initial  tests  were  conducted  on  ATJ  graphite  nozzle  test  specimens 
approximately  1-3/4"  long  with  a  1/2"  diameter  base  which  converged  to  a 
1/8"  diameter  throat.  The  effects  of  additives  of  CO.  C02  ,  and  H20  were 
evaluated  at  specimen  wall  temperatures  ranging  from  2400*  to  3500  *F  and 
peak  pressures  of  approximately  50  psia. 

Test  results  indicated  that  specimen  erosion  measured  in  terms  of 
weight  loss  and  throat  area  increase  was  a  direct  function  of  additive  reactivity, 
pressure,  and  temperature.  It  was  recommended  that  the  study  be  continued 
with  various  materials,  such  as  coated  refractory  metals,  metal-ceramic  com¬ 
posites,  and  reinforced  plastics,  and  that  experimental  procedures  be  developed 
for  simulation  of  multicomponent  exhaust  chemistries  which,  with  suitable  analysis, 
would  identify  reactive  species  and  combinations  thereof. 


Section  III  Plasma -Sprayed  Coating  Studies 

This  phase  of  the  program  was  directed  toward  the  evaluation  of  metal- 
ceramic  coatings  deposited  from  premixed  powder  blends.  The  goal  of  the 
investigation  was  the  development  of  techniques  for  the  plasma  spraying  of 
metal -ceramic  coatings  of  specific  microstructure  and  composition  for  the 
purpose  of  developing  tailored  properties  in  the  resulting  composite  material. 

Coatings  were  prepared  from  a  number  of  metal-ceramic  blends.  The 
influence  of  blend  composition,  particle  size  ratio,  and  the  plasma  spraying 
process  variables  were  evaluated  in  terms  of  their  effect  upon  bond  strength 
and  thermal  shock  endurance. 

Metallic  coatings  of  NiCr,  Mo,  NiAl,  blende  of  NiCr-Zr02  and  NiAl- 
Al2  Oj,  and  multilayer  graded  coatings  of  these  materials  were  sprayed  and 
tested. 


This  study  demonstrated  that  composite  coatings  tailored  for  specific 
requirements  could  be  prepared  by  plasma  spraying.  Predetermined  volumetric 
proportions  and  microstructures  in  a  binary  coating  could  be  obtained,  and 
coating  properties  such  as  bond  strength  and  thermal  shock  resistance  could 
be  modified.  Fabricating  the  desired  composite  required  control  of  the  inter¬ 
dependent  critical  process  variables  (powder  particle  size  ratio,  spray  power, 
and  spray  distance)  to  achieve  proper  thermal  conditioning  of  the  composite 
constituents. 

Metallic  coatings  were  found  to  be  more  dense  and  to  have  higher  bond 
strength  and  thermal  shock  resistance  than  either  the  ceramic  or  composite 
coatings.  The  composite  coatings  of  metal  and  ceramic  exhibited  significantly 
better  thermal  shock  resistance  than  the  pure  ceramic  coatings.  The  addition 
of  coarse  ceramic  particles  dispersed  in  the  matrix  of  a  metallic  coating 


xxn 


improved  bond  strength  by  better  than  1000  psi.  This  improvement  was  believed 
to  be  due  to  an  annealing  effect  induced  by  heat  retention  of  ceramic  particles 
which  reduced  the  cooling  rate  of  the  sprayed  coating  during  deposition. 

The  importance  of  proper  thermal  conditioning  in  this  spraying  of 
materials  emphasized  the  desirability  of  a  better  understanding  of  this  phenom¬ 
enon. 
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SECTION  I  THE  EVALUATION  OF  COATINGS  FOR  REFRACTORY  ALLOYS 


INTRODUCTION 

Interest  in  the  refractory  metal  alloys  as  high  temperature  structural 
materials  has  fostered  a  substantial  number  of  research  efforts  directed  toward 
the  development  of  effective  coatings  for  the  oxidation  protection  of  these  alloys. 

Initially,  the  testing  and  evaluation  associated  with  the  development  of 
these  coatings  was  conducted  independently  by  the  research  laboratories.  This 
testing  generally  consisted  of  simple  oxidation  tests  and  limited  mechanical 
property  determinations.  Several  government  agencies  sponsored  programs 
for  the  comparative  evaluations  of  protective  coating  systems  from  several 
sources.  Because  these  programs  were  oriented  toward  specific  applications, 
they  were  sufficiently  different  in  technique,  scope,  and  emphasis  that  inter¬ 
laboratory  comparison  of  test  results  was  virtually  impossible. 

There  was  clearly  a  need  for  standardized  tests  designed  to  identify  the 
more  promising  coatings  from  among  the  many  under  development.  Three  years 
ago,  the  University  of  Dayton  received  an  Air  Force  contract  to  develop  an  eval¬ 
uation  program  which  was  simple  and  readily  standardized.  This  program  was 
to  be  used  to  generate  performance  data  for  coatings  of  current  interest.  The 
objective  was  not  to  produce  design  data,  but  rather  to  assemble  a  body  of  infor¬ 
mation  describing  the  effect  of  the  coating  process  on  the  base  metal  and  the 
relative  response  of  coating -alloy  combinations  to  specific  environmental  inputs. 
Emphasis  was  directed  primarily,  but  not  exclusively,  toward  sheet  metal 
structural  applications. 

This  program  included  a  continuous  re-evaluation  of  testing  procedures 
with  revision,  where  necessary,  to  increase  the  yield  of  information.  Efforts  of 
the  Materials  Advisory  Board  (Refs,  1  and  3)  and  the  American  Society  for  Testing 
and  Materials  in  the  area  of  standardized  testing  were  continually  reviewed,  and 
their  recommendations,  where  appropriate,  were  incorporated  into  the  program. 

The  preliminary  efforts  of  the  University  of  Dayton  in  the  development 
of  a  coatings  evaluation  program,  as  well  as  in  the  evaluation  of  TZM  molybdenum 
and  B66  columbium  coating  systems,  are  described  in  a  report  entitled,  "The 
Evaluation  of  High  Temperature  Materials,  Parts  I  and  II"  issued  as  ML-TDR-64- 
62  (Ref.  2).  This  work  was  performed  under  USAF  Contract  AF  33(6l6)-7838. 

A  continuation  of  this  effort,  covering  the  evaluation  of  D43  and  C129Y 
columbium  coating  systems,  is  described  in  this  report. 


EXPERIMENTAL  METHODS 


The  evaluation  was  intended  to  explore  three  areas:  (1)  the  oxidation 
resistance  of  the  coating;  (2)  the  effects  of  the  coating  and/or  coating  process 
upon  the  mechanical  and  physical  properties  of  the  substrate  alloy;  and  (3)  the 
load-bearing  capability  of  the  coated  alloy  at  elevated  temperatures.  This  was 
accomplished  by: 


•  metallographic  analyses 

•  bend  transition  temperature  measurement 

•  tensile  tests 

•  cyclic  oxidation  tests  at  1600*  to  3000 *F 

with  a  failure  rate  analysis  at  2600  *F 

•  creep  rupture  tests  in  a  full  factorial  exper¬ 

iment 


METALLOGRAPHIC  ANALYSES 

Metallographic  specimens  of  each  coating  system  were  prepared  to 
study  the  effects  of  the  coating  process  on  the  substrate  and  to  evaluate  the 
overall  quality  of  the  coating.  Magnified  visual  inspection  of  substrate  micro¬ 
structure  and  of  the  coating  itself  permitted  an  evaluation  of  coating  uniformity 
and  integrity  along  with  any  changes  in  the  substrate  microstructure,  such  as 
grain  growth  and  reactions  between  coating  and  substrate.  Microhardness 
measurements  of  all  zones  were  also  conducted  to  supplement  the  visual  analyses. 

Coated  specimens  were  prepared  in  the  following  manner: 

(1)  sectioned  with  a  fourteen  inch  diameter,  high  speed, 

SiC  cutoff  wheel  and  mounted  in  bakelite  (processed  at 
4200  psi  and  140  °C); 

(2)  hand  lapped  to  a  flat  surface  for  approximately  two  to 
three  minutes  on  a  cast-iron  lapping  wheel  with  400  mesh 
SiC  abrasive; 

(3)  lead  lapped  for  five  minutes  with  800  mesh  emery 
abrasive  to  remove  most  of  the  coating  cracks  resulting 
from  the  cutting  and  prior  lapping  operation; 

(4)  hand  polished  on  a  silk  wheel  using  1  p  Al2  03  until 
all  lead  lap  marks  were  removed; 

(5)  further  hand  polished  on  a  silk  wheel  With  3  p  Al2  03 ; 

(6)  final  polished  for  approximately  one  ,hour  in  a  vibratory 
polisher  using  0.  05  p  Al2  Oj  on  felt  cloth. 
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During  these  first  finishing  operations,  no  spsci&l  precautions  were 
taken  to  avoid  rounding  of  the  specimen  surfaces  and  a  few  coating  cracks 
were  usually  present.  Finishing  to  a  flat,  crack -free  metallographic  surface 
was  achieved  by  repeating  the  sequence  from  lead  lapping  through  vibratory 
polishing.  The  finishing  time  on  the  vibratory  polisher  for  the  second  polishing 
cycle  was  reduced  to  forty -five  minutes  and  then  extended  in  fifteen -minute 
increments  thereafter,  as  necessary.  Occasionally,  persistent  cracks  in  the 
coating  required  that  the  lead  lap  through  vibratory  polish  sequence  be  repeated 
two  or  three  times  before  a  satisfactory  specimen  was  obtained. 

Since  the  etchant  for  both  alloys  was  reactive  with  the  coatings,  photo¬ 
micrographs  were  prepared  for  each  specimen  in  the  unetched  condition  to  show 
details  of  the  coating  and  substrate  diffusion  regions.  The  specimens  were  then 
etched  in  a  solution  of  50  ml  H2G,  25  ml  HF,  and  25  ml  HNOj  for  examination  of 
the  substrate  microstructure. 

BEND  TRANSITION  TEMPERATURE 

Bend  transition  temperature  tests  were  conducted  to  evaluate  ductility 
changes  in  the  coated  substrate  as  a  result  of  contamination  and/or  recrystalli¬ 
zation  produced  by  the  coating  process. 

Bend  transition  temperature  as  defined  by  Ref.  3  is  the  lowest  temper¬ 
ature  at  which  a  90  *  free  bend  can  be  formed  about  a  radius  four  times  the 
thickness  of  a  rectangular  1-1/4"  x  1/2"  test  tab.  A  bend  test  fixture,  shown 
in  Figure  1,  was  placed  in  a  controlled  temperature  chanber  (-50  to  500  *F)  and 
linked  to  a  universal  testing  machine.  The  fixture  was  designed  for  testing 
twenty -mil  sheet  stock  and  consisted  of  a  rectangular  female  die  which  placed 
the  specimen  in  three -point  loading  at  the  center  by  a  male  punch  0.  08  inch  in 
radius  (four  times  the  uncoated  specimen  thickness)  and  at  each  end  by  0.  08  inch 
radius  support  rollers  with  a  center  line  spacing  of  0.  32  inch.  A  punch  speed 
of  0.  016  inch  per  minute  was  used.  At  this  rate  of  bend,  the  operator  had  good 
control  of  the  test  and  could  easily  detect  brittle  specimen  failure. 

A  sufficient  number  of  specimens  were  tested  to  bracket  the  transition 
temperature  within  a  25  ®F  interval. 


TENSILE  TESTING 

Room  temperature  tensile  tests  were  conducted  on  coated  specimens 
to  measure  changes  in  strength  or  ductility  resulting  from  the  coating  process. 
Tests  were  conducted  in  triplicate  using  sheet  specimens  measuring  1"  x  5-5/8" 
with  a  1/2"  wide  gage  section  2”  in  length. 
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A  standard  hydraulic  universal 
test  machine  was  employed  for  the  tests. 
Strain  measurements  were  recorded 
with  a  breakaway  extensometer  and  con¬ 
verted  to  stress -strain  diagrams  for 
comparison  with  the  uncoated  alloy. 
Ultimate  "longation  was  measured  by 
placing  the  fractured  specimens  together 
and  measuring  the  elongation  within  the 
gage  length. 

Ultimate  and  0.  1%  offset  yield 
strengths  were  compared  before  and 
after  coating  using  the  original  specimen 
dimensions  to  calculate  stress  values 
for  the  coated  specimens.  Ultimate 
elongations  were  also  compared  before 
and  after  processing  to  determine  any 
change  in  ductility. 


Figure  1.  Transition  Temperature 
Fixture 

CYCLIC  OXIDATION  TESTING 

Since  the  value  of  a  coating  is  measured  largely  by  its  ability  to  protect 
a  substrate  from  oxidation,  it  follows  that  the  type  of  oxidation  test  employed  and 
the  subsequent  analysis  of  results  are  most  important  in  a  comparative  screening 
of  candidate  coatings. 

Furnace  oxidation  tests  are  the  most  widely  used  method  for  measuring 
the  relative  oxidation  resistance  of  coatings.  Its  popularity  stems  from  the 
inherent  simplicity,  low  cost,  and  relative  ease  of  testing  large  batches  of 
spec  imens. 

In  this  test,  small  coated  tabs  are  furnace  heated  in  air  at  specific  tem¬ 
perature  levels.  At  regular  intervals  the  specimens  are  removed  from  the  furnace, 
cooled  to  room  temperature,  weighed,  and  visually  inspected.  Specimens  are 
retired  irom  test  at  the  first  indication  of  substrate  oxidation.  Testing  continues 
until  all  of  the  specimens  have  failed.  The  relative  oxidation  resistance  of  the 
coating  is  then  rated  as  a  function  of  the  number  of  thermal  cycles  to  failure. 

Such  testing  was  conducted  in  this  program  at  four  temperatures:  1600°, 
2400*,  2b00 ',  and  1000  *F.  Sheet  specimens  measuring  1-1/4"  x  1/2"  x  0,020" 
were  '-.vposed  to  these  temperatures  in  resistance  heated  box  furnaces.  No  special 
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provision*  were  made  for  air  circulation  or  the  measurement  of  oxygen  content; 
normal  leakage  and  the  draft  produced  by  periodic  opening  of  the  furnace  door 
were  considered  sufficient  to  provide  an  adequate  oxygen  supply  for  testing. 
Except  for  the  1600 eF  tests,  specimens  were  cycled  to  room  temperature  at 
one -hour  intervals  for  weighing  and  inspection. 

Figure  2  shows  a  group  of  specimens  supported  on  high  purity  alumina 
boats  (Norton  RH3084)  ready  for  insertion  in  a  furnace.  Because  of  possible 
interactions  between  oxidation  products,  different  coating  systems  were  never 
tested  together. 


Figure  2.  Cyclic  Oxidation  Specimens  Ready  for  Insertion  into  Furnace 

The  1600  °F  tests  served  as  a  check  for  low  temperature  sensitivity. 
Four  specimens  were  tested  at  this  temperature  for  a  48-hour  exposure  with 
twice  daily  inspections  at  four-hour  intervals  and  sixteen-hour  overnight  soaks. 

In  most  of  the  2400*  and  3000 *F  tests,  only  four  specimens  of  each 
coating  system  were  tested.  This  provided  a  qualitative  evaluation  of  perfor¬ 
mance  at  these  temperatures.  At  2600  *F,  at  least  ten  specimens  of  each  c  oating 
batch  were  tested  and  the  data  used  to  estimate  coating  reliability,  to  identify 
multiple  failure  modes,  and  to  estimate  the  maximum  cyclic  life  of  the  coating. 

The  Weibull  distribution  function  was  employed  in  the  analysis  of  the 
2600  “I  data.  It  is  generally  recogni/.ed  that  cyclic  oxidation  tests  measure  tht 


relative  incidence  and  severity  of  critical  coating  flaw*.  Specimen  failures 
should,  therefore,  follow  a  pattern  of  failure  analogous  to  the  failures  of  the 
weakest  link  of  a  chain.  The  Weihull  function  was  considered  appropriate 
since  it  describes  this  type  of  failure  distribution. 

In  fitting  empirical  data  to  any  statistical  distribution,  hundreds  or 
even  thousands  of  data  points  are  required  for  absolute  identification  of  the  exact 
mathematical  relationship  of  failure  frequency.  However,  it  is  possible  to  esti¬ 
mate  these  failure  distributions  and  place  confidence  limits  upon  such  an  estimate. 
The  risk  lies  in  assuming  that  estimates  from  a  small  number  of  samples  are 
truly  representative  and  can  be  used  to  make  sweeping  generalizations  about  the 
behavior  of  a  coating  system.  It  is  also  hazardous  to  use  such  data  to  extrapolate 
beyond  ths  experimentally  defined  regions  in  axt>&Q£t^to  predict  reliability. 
Recognizing  the  limitations  of  empirical  statistics  derived  from  relatively  few 
data  points,  .less  emphasis  was  placed  upon  "statistical  constants,  "  and  the 
Weibull  analysis  was  used  primarily  as  a  graphical  display  of  failur  e;  data.  Its 
secondary  function  was  to  identify  multiple  failure  modes,  to  make  gross  esti¬ 
mates  of  reliability,  and  to  determine  the  maximum  probable  coating  life. 

The  Weibull  cumulative  frequency  function  is  expressed  by  the  mathe¬ 
matical  relationship: 

F(t)  =  1  -  e  0 

where 

F(t)  =  the  cumulative  failures  expressed  as  a  fraction  of  the 
original  sample  lot; 

t  =  time; 

a  =  the  threshold  or  location  parameter  (normally  equal  to  zero); 

6  =  the  time  to  failure  of  63.  2%  of  the  sample  population; 

;3  =  the  shape  parameter  (0>O).  ♦ 

Weibull  probability  paper,  in  which  the  log-log  of  the  cumulative  fre¬ 
quency  function  F(t)  is  the  ordinate  and  the  log -time  the  abscissa,  is  available 
for  graphical  display  of  empirical  data  and  evaluation  of  the  various  distribution 
parameters. 

Since  only  ten  to  twenty  specimens  per  coating  were  tested,  it  was  nec¬ 
essary  to  approximate  the  time  failure  distribution  through  the  use  of  ranking 
tables  which  have  been  developed  for  small  tests  (numerically  less  than  50)  to 
estimate  the  most  like!,  distribution  curve  as  a  function  of  the  number  of  speci¬ 
mens  tested  and  to  generate  a  90%  confidence  interval  about  this  approximation 
(Ref.  4,  Table  1). 

*  r  or  '  1.  h  the  distribution  is  exponential,  lor  0  -  3.6,  the  normal  dis¬ 
tribution  is  approximated 
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The  purpose  of  these  ranking  tables  is  to  estimate  the  validity  of  a 
numerically  small -sized  experiment  with  respect  to  the  total  sample  population 
by  generating  upper  and  lower  limits  on  the  data  which  provide  statistical  assur¬ 
ance  that  true  values  lie  within  the  interval  formed  by  these  limits.  In  describing 
the  distribution  of  component  failures  by  a  graphical  display  on  Weibull  probability 
paper,  cumulative  failure  percentages  are  plotted  against  time  to  failure.  The 
ranking  tables  are  employed  to  locate  the  interval  in  which  the  true  cumulative 
failure  percentage  lies  (with  a  specified  level  of  probability)  and  the  most  likely 
position  of  this  value. 

The  ranking  levels  of  interest  in  this  study  were  the  median  or  50% 
rank  and  the  95%  and  5%  ranks.  The  median  rank  represents  that  cumulative 
failure  fraction  which  has  an  equal  probability  of  being  higher  or  lower  than  the 
true  value.  The  95%  rank  represents  that  value  which  has  a  5%  probability  of 
being  lower  than  the  true  value,  a  95%  probability  of  being  higher.  Conversely, 
the  5%  rank  has  a  95%  probability  of  being  lower  than  the  true  value,  a  5%  prob¬ 
ability  of  being  higher. 

Thus,  the  95%  and  5%  rank  levels  establish  an  interval  which  has  a  90% 
probability  of  containing  the  true  cumulative  failure  fraction.  The  median  rank 
locates  the  most  likely  position  of  that  value. 

A  straight  line  fit  of  the  median  rank  points  is  a  good  indication  that  a 
failure  distribution  can  be  represented  by  a  Weibull  function.  It  should  be  noted 
that  assuming  the  location  parameter  (a)  to  be  zero  may  not  result  in  a  straight 
line,  and  it  may  be  necessary  to  assign  a  positive  value  to  this  parameter  to 
obtain  a  linear  fit  (Ref.  5).  Occasionally,  the  data  are  better  fitted  with  two  or 
more  straight  line  segments.  This  is  generally  an  indication  that  two  or  more 
failure  modes  are  active.  Multisegmented  distribution  curves  often  can  be 
correlated  with  the  physical  characteristics  of  different  failure  modes. 

On  a  Weibull  plot  of  failure  data,  the  physical  slope  of  the  line  segment 
measured  directly  from  the  curve  will  provide  information  regarding  the  nature 
of  the  failure  process.  Defective  components,  improperly  prepared  or  damaged 
in  pretest  handling,  will  form  a  distribution  line  of  slope  less  than  one  (a  so-called 
"infant  mortality"  distribution),  while  failures  representing  general  wearout  will 
assume  a  distribution  having  a  slope  greater  than  one.  As  the  slope  of  the  dis¬ 
tribution  increases,  the  dispersion  of  life  test  data  diminishes  and  failures  become 
more  uniform. 

Weibull  plots  also  can  be  used  to  estimate  the  reliability  of  a  system, 
i.  e.  ,  its  probability  of  survival  for  any  given  lifetime,  provided  no  attempts  are 
made  to  extrapolate  beyond  the  experimental  confines  of  the  data.  For  tests 
involving  ten  to  twenty  samples,  it  would  be  unwise  to  project  such  an  analyst 
beyond  reliability  levels  of  0.  90  to  0.  95. 
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CREEP  RUPTURE  TESTING 


In  order  to  gain  insight  into  the  high  temperature  structural  capability 
of  candidate  coating  systems,  creep  rupture  tests  were  conducted  at  three  levels 
of  temperature  (2400°,  2600°,  and  2800 *F)  and  three  levels  of  stress  {6000,  7500, 
and  9000  psi). 

The  problems  of  inconsistency  and  scatter  of  data  associated  with  normal 
creep  testing  are  compounded  in  testing  coated  refractory  alloys  by  variations  in 
the  coating  oxidation  resistance  from  batch  to  batch  and  from  specimen  to  speci¬ 
men.  Specimens  with  severe  coating  defects  may  fail  prematurely  by  catastrophic 
oxidation,  while  "identical"  specimens  lacking  critical  flaws  may  survive  much 
longer  exposures.  Another  factor  which  must  be  considered  is  the  effec,'  of 
subtle,  but  significant  differences  among  the  testing  machines  employed  which 
can  affect  the  test  results.  To  monitor  the  effect  of  any  uncontrolled  test  vari¬ 
ables,  such  as  specimen  and  testing  machine  variability,  creep  rupture  tests 
were  performed  in  a  full  factorial  experiment  which  was  statistically  evaluated 
ie  determine  the  relative  effect  of  all  test  variables  and  their  interactions. 

In  the  evaluation  of  coated  D43  columbium  alloy,  thirty-six  tests  were 
required  to  evaluate  the  relative  effects  of  temperature  (three  levels),  stress 
(  three  levels),  and  to  assess  the  effect  of  the  two  coating  batches  and  the  two 
machines  which  were  involved  in  these  tests. 

The  experimental  design  was  modified  in  subsequent  tests  of  coated 
C129Y  columbium  alloy.  Thirty-two  tests  were  performed  on  two  coating  batches 
at  two  stress  levels  (6000  and  9000  psi)  and  two  temperatures  (2400*  and  2800  *F), 
using  four  creep  testing  machines. 

The  resulting  data  were  treated  with  a  standard  analysis  of  variance  to 
determine  the  relative  significance  of  the  input  variables  and  their  interactions. 

To  do  this,  a  comparison  of  the  expected  mean  square  of  each  source  of  known 
input  variance  was  made  with  the  error  term  to  determine  which  made  a  statisti¬ 
cally  significant  contribution  to  the  output  (time  to  rupture). 

To  provide  intermediate  data  points  for  the  creep  rupture  plots  prepared 
from  the  test  data,  supplemental  tests  of  the  Cl 29  creep  rupture  plots  were  con¬ 
ducted  at  2600  °F  on  specimens  from  each  coating  batch  at  stress  levels  of  6000, 
7500,  and  9000  psi  as  well  as  at  2400*  and  2800  *F  at  7500  psi. 

The  testing  apparatus  shown  in  Figure  3  consisted  of  standard  lever -arm - 
type  creep  testing  machines  with  a  20:1  load  ratio  and  induction  heated  specimen 
furnaces. 


The  1-1/2"  x  6"  rectangular  test  specimen  was  slipped  through  the  in¬ 
duction  furnace  susceptor  element  (modified  JTA  graphite  composite)  and  heated 
at  the  center  over  a  1-3/4"  span.  Temperature  measurements  were  taken  with 
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Figure  3.  Testing  Apparatus  Consisting  of  a  Standard  Lever -Arm-Type 
Creep  Testing  Machine 

an  optical  (disappearing  filament  type)  pyrometer  by  sighting  on  the  specimen 
through  a  hole  in  the  side  of  the  susceptor.  A  total  radiation  (thermopile  type) 
pyrometer  mounted  above  and  focused  on  the  susceptor  was  used  to  control  the 
induction  heater  power  supply. 

Because  of  the  extreme  temperatures  in  the  specimen  hot  zone  and 
problems  with  coating  compatibility,  extensometer  measurement  of  elongation 
was  not  attempted.  Since  practically  all  elongation  occurred  over  a  1.  75  inch 
long  section  of  the  specimen,  elongation  was  measured  as  a  function  of  lever - 
arm  displacement  and  converted  to  percentage  creep  on  the  assumption  that  all 
elongation  was  confined  to  a  gage  length  of  1.  75  inches.  Lever-arm  displacement 
was  measured  with  *  linear  differential  transformer  and  recorded  for  a  per¬ 
manent  record  of  creep  extension. 

The  test  procedures  were  as  follows:  with  the  susceptor  at  room  tem¬ 
perature,  a  specimen  was  slipped  through  and  pinned  at  either  end  :n  TD  nickel 
grips.  A  one-pound  weight  was  added  to  the  back  of  the  creep-frame  lever  arm 
to  load  the  specimen  lightly  and  draw  the  connecting  linkage  taut.  The  specimen 
was  then  centered  in  the  susceptor  and  the  extensometer  zeroed.  The  onc-pound 
load  was  removed  and  the  specimen  heated  to  test  temperature.  When  the 
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susceptor  stabilized  at  temperature,  the  control  setting  of  the  total  radiation 
pyrometer  was  adjusted  to  maintain  this  temperature  and  the  test  load  slowly 
applied  by  an  elevator  mechanism.  Temperature  and  load  were  maintained 
until  specimen  rupture. 

MATERIAL  AND  SPECIMEN  PROCUREMENT 

The  two  columbium  alloys  evaluated  in  this  program  were  D43  {Cb- 
lOW-lZr)  and  C129Y  (Cb-10 W-10HF-0.  1Y).  The  D43  was  obtained  from 
E.  I.  DuPont  de  Nemours  and  Company  in  12  and  20  mil  thicknesses,  the  C129Y 
from  Wah  Chang  Corporation  in  20  mil  sheet  only.  The  compositioi  and 
mechanical  property  data  supplied  by  the  vendors  of  these  alloys  are  summa¬ 
rized  in  Table  2. 


Table  2.  Compositional  and  Property  Data  PurnUhed  br 
the  Alloy  Vendor*  for  D43  and  Cl 29  Columbium  Alloy* 
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Impunti«*-PPM 

Tentile  Strength  - 
Ultimate  0. 27 
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♦  Mechanical  cUu  for  30  mil  Cl2yY  *heet  which  ha*  been  recry*tallizrd  1  hour  at  2200°F. 


The  th-ee  types  of  specimens  used  in  this  program  are  shown  in 
Figure  4.  All  C129Y  specimens  were  of  20  mil  thickness;  the  D43  creep- 
rupture  specimens  were  fabricated  from  the  12  mil  sheet,  the  remainder  from 
20  mil  stock. 

Specimens  from  both  alloys  were  fabricated  by  shearing  oversize  and 
milling  to  final  dimensions  with  a  high  speed  end  mill.  All  specimens  were 
prepared  with  their  major  axis  parallel  to  sheet  rolling  direction. 

The  edges  of  the  specimens  were  rounded  to  a  radius  of  5  to  7  mils  in 
a  SWECO  vibrating  finishing  mill.  The  abrasive  medium  was  a  mixture  of  two 
parts  number  1-I/2A  and  one  part  number  5 A  Norton  Alundum  stone s.:  A  small 
amount  of  low  sudsing  powdered  detergent  was  added  to  the  mix  along  with  just 
enough  water  to  keep  the  stones  wet.. 
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COATING  SELECTION 


So  that  a  maximum  number  of  coating -alloy  combinations  would  be 
represented  in  the  program,  the  evaluation  procedure  was  divided  into  two 
phases.  The  first  *vas  essentially  a  screening  phase  consisting  of  complete 
metallographic  analyses  of  the  "as  coated"  alloy,  tensile  strength  and  bend 
transition  temperature  measurements,  and  cyclic  oxidation  tests;  all  Phase  I 
specimens  tested  were  to  represent  a  single  coating  process  run.  Based  on 
the  results  of  the  screening  phase,  two  coatings  per  alloy  were  selected  for 
Phase  n  testing  which  included  the  full  factorial  creep-rupture  test  and  a  rep¬ 
lication  of  the  screening  tests.  The  Phase  II  specimens  were  to  be  coated  in 
two  batches  either  sequentially  in  the  same  retort  or  in  two  different  retorts. 

Half  the  creep-rupture  specimens  were  to  be  coated  in  one  batch,  and  the  other 
half  (plus  the  second  set  of  screening  specimens)  were  to  be  coated  in  the  other 
batch.  Any  short  term  process  variability  could  thereby  be  measured  in  the 
evaluation. 

With  the  concurrence  of  the  AFML  Project  Engineer,  the  same  six 
vendors  coated  both  D43  and  C129Y  alloys  for  Phase  I  testing.  They  were: 
Thompson-Ramo- Wooldridge  (TRW),  Sylcor  Division  of  Sylvania  Electric  Products 
Corporation,  the  Pfaudler  Company,  LTV  Corporation,  the  Boeing  Company,  and 
Chromizing  Corporation.  On  the  basis  of  performance  of  these  screening  tests 
(primarily  in  cyclic  oxidation),  TRW  and  Sylcor  were  selected  to  coat  specimens 
of  both  alloys  for  Phase  II  tests. 

The  TRW  Cr-Ti-Si  coating  is  a  titanium  and  chromium  modified  silicide 
applied  in  two  consecutive  vacuum  pack  cycles.  The  first  cycle  consists  of  an 
eight -hour  treatment  at  2250 "F  in  a  50  Cr-50  Ti  prealloyed  pack  with  a  KF  acti¬ 
vator.  The  second  is  a  three-hour  cycle  at  2050 *F  in  a  silicon  pack  also  with 
a  KF  activator. 

The  Sylcor  coating  is  a  silver -aluminum  modified  silicide  (R  508)  applied 
as  a  sprayed  slurry  and  fired  at  2300*  to  2500  *F.  In  an  effort  to  improve  the 
coating  and  reduce  firing  temperature,  Sylcor  has  slightly  changed  the  composi¬ 
tion  of  the  slurry  from  time  to  time,  using  three  different  designations  (A,  B, 
and  C)  to  describe  their  508  series  coatings. 

The  Pfaudler  coating  is  a  modified  silicide  of  proprietary  composition 
designated  as  PFR-32. 

The  LTV  coating  is  a  Cr-B  modified  silicide  with  silicon  deposited  in 
the  first  cycle  and  chromium  and  boron  codeposited  in  the  second  cycle,  A  slip 
pack  cementation  process  is  employed  in  both  cycles,  which  are  approximately 
eight  hours  in  chi”  ‘.ion  at  a  process  temperature  of  2000  °F. 

The  Boeing  Disil  coating  is  a  modified  silicide  produced  in  a  fluidized 
bed  process. 
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D43  Coatings 


TRW  gave  no  indication  of  difficulty  in  coating  the  Phase  I  specimens. 
However,  contrary  to  instructions,  all  of  the  creep-rupture  Phase  n  speci¬ 
mens  were  coated  in  one  batch  and  the  remainder  of  the  specimens  in  another. 
Thus,  a  batch -to -batch  comparison  of  creep-rupture  behavior  was  impossible. 
Furthermore,  none  of  the  creep-rupture  specimens  received  a  proper  chromium 
precoat  because  of  a  processing  accident,  and  the  resultant  coating  was  unac¬ 
ceptable.  It  was  necessary,  therefore,  to  eliminate  creep-rupture  tests  in  the 
evaluation  of  this  coating. 

Sylcor  reported  that  the  Phase  1  specimens  were  coated  in  two  batches: 
the  tensile  specimens  in  one  and  the  bend  and  static  oxidation  specimens  in 
another.  The  resulting  weight  gain  of  the  tensile  specimens  was  20%  less  than 
the  other  specimens,  indicating  that  the  former  received  a  thinner  coating.  In 
processing  the  Phase  n  specimens,  Sylcor  encountered  difficulties  in  coating 
the  specimens  in  two  batches.  In  processing  the  first  batch  of  creep-rupture 
specimens,  proper  separation  of  individual  specimens  was  not  maintained.  A- 
number  of  specimens  stuck  together  and  had  to  be  reprocessed.  The  second 
batch  of  creep-rupture  specimens  was  subdivided  into  two  batches  to  prevent 
the  reoccurrence  of  this  problem.  All  Phase  I  and  Phase  n  specimens  were 
coated  using  Sylcor's  R  508B  process. 

Boeing  encountered  difficulty  in  applying  the  Disil  coating  and  found  it 
necessary  to  pickle  the  specimens  to  achieve  a  proper  surface  finish.  The 
pickling  treatment  removed  approximately  1.  0  mil  of  material  from  each  side 
of  the  specimens.  Despite  this  surface  treatment,  nine  specimens  were  judged 
to  contain  defects  and  were  not  returned.  Boeing  did  not  anticipate  good  per¬ 
formance  of  their  coating  on  those  specimens  which  were  returned. 

LTV,  Chromizing,  and  Pfaudler  presumedly  had  no  difficulty  in  coating 
this  alloy. 


C129Y  Coatings 

Sylcor  employed  their  R  508B  process  in  coating  the  Phase  I  specimens 
and  reported  some  difficulties  with  "blobbing"  of  the  coating  during  a  diffusion 
treatment,  resulting  in  considerable  nonuniformity  in  coating  lickness.  Prior 
to  the  processing  of  the  Phase  II  specimens,  Sylcor  modified  their  coating  pro¬ 
cedure  to  permit  lower  processing  temperatures  and,  consequently,  less  effect 
upon  mechanical  properties  of  the  substrate.  This  modified  process,  designed-  1 
as  R  508C,:  was  employed  in  coating  all  of  the  Phase  II  specimens  for  which  no 
difficulties  were  reported. 

None  of  the  other  five  vendors  reported  any  difficulties  in  coating  the 
C129Y  specimens. 
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EXPERIMENTAL  RESULTS 


METALLOGRAPHIC  ANALYSES 

Photomicrographs  of  all  the  D43  and  C129Y  coating  systems,  as  well 
as  those  of  the  uncoated  alloys,  are  shown  in  Figures  5  through  15.  Note  that 
the  photomicrographs  consist  of  two  separate  photographs:  one  of  the  coating 
and  unetched  substrate,  and  another  of  an  etched  section  from  the  center  of 
the  substrate.  This  technique  was  utilized  because  of  reactivity  of  the  coating 
ana  intermediate  zones  with  the  columbium  etchant.  Microhardness  and  coating 
thickness  data  are  summarized  in  Tables  3  and  4. 

D43  Columbium  Alloy 

In  general,  all  of  the  Phase  I  coatings  on  this  alloy,  except  the  Sylcor 
system,  exhibited  good  substrate  coverage,  and  all  were  fairly  uniform  in 
thickness.  The  Sylcor  coating  consisted  of  a  two  mil  thick  uniform  zone  adja¬ 
cent  to  the  substrate  and  a  very  porous  and  irregular  two -phase  outer  layer, 
which  varied  from  approximately  5  to  1 1  mils  (see  Figure  8).  This  outer  zone 
was  essentially  very  soft  (57  DPH),  with  small  hard  (2290  DPH)  isolated  zones 
scattered  within  it.  The  other  five  coatings  ranged  in  average  thickness  from 
1.  2  mils  (Chromizing)  to  3.  6  mils  (LTV).  The  Pfaudler,  Chromizing,  LTV, 
and  Boeing  coatings  all  were  slightly  thicker  at  specimen  edges,  which  previous 
experience  has  shown  to  be  characteristic  of  silicide  coatings. 

The  Pfaudler,  Chromizing,  and  Boeing  coatings  showed  no  evidence 
from  visual  examination  or  microhardness  measurements  of  any  diffusional 
reactions  between  coating  and  substrate.  The  LTV  coating  had  three  distinct 
zones.  The  TRW  coating  had  a  broad  diffusion  zone  approximately  1-1/2  mils 
thick  which  contained  many  "islands"  much  harder  than  the  surrounding  matrix. 

Each  coating  process  produced  some  reduction  in  substrate  thickness 
ranging  from  0.  6  mil/side  for  the  PFR-32  coating  to  a  maximum  of  1.  9  mils/side 
for  the  LTV  two-cycle  silicide.  None  of  the  specimens  showed  any  evidence 
from  visual  examination  or  microhardness  measurements  of  a  change  in  substrate 
microstructure  as  a  result  of  the  coating  process. 

Comparative  photomicrographs  of  the  TRW  Phase  I  and  II  specimens 
are  presented  in  Figure  6.  These  specimens  were  slightly  different  with  respect 
to  average  coating  thickness  (2.  0  and  1.  6  mils)  and  loss  of  substrate  thickness 
after  coating  (.  82  and  .  62  mil/side  respectively).  Both  coatings  were  similar 
in  appearance,  and  microhardness  measurements  within  the  various  zones  were 
not  appreciably  different. 
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Figure  5.  Photomicrograph  of  Uncoated  D43 


16 


Phase  I 


•  *'  W 


Unetched  Coating/Substrate 


Etched  Substrate 


Phase  II 


Etched  Substrate 


Sylcor  Ag-Si-Al 

Figure  7.  Comparative  Photomicrographs  of  Coated  D43 
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Figure  8.  Irregularity  of  Sylcor  Coating  on  D43 
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Figure  11.  Comparative  Photomicrographs  of  TRW  Cr-Ti-Si  Coated  C129Y 
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Figure  12  Comparative  Photomicrographs  of  Sylcor  Ag-Si-A!  Coated  C129Y 
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Figure  14.  Photomicrograph  of  Uncoated  C129Y 


e  15.  Phase  Comparison  of  TRW  Cr-Ti-Si  Coating 
20  mil  C129Y 


Table  4.  Metallographic  Data  for  Coated  C 
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The  Sylcor  Phase  I  and  II  specimens,  shown  in  Figure  7.  were  some¬ 
what  different.  Both  exhibited  similar  diffusion  zones  of  uniform  thickness 
{approximately  2  mils);  however,  the  outer  zone  of  the  Phase  II  specimen  was 
absent  in  spots  and  as  thick  as  5.  2  mils  in  other  areas.  Average  thickness  was 
less  than  the  Phase  I  coating,  but  was  also  more  irregular.  Substrate  losses, 
as  a  result  of  the  coating  process,  were  also  different,  being  approximately 
one  mil/side  for  the  Phase  I  specimen  and  2  mils/side  for  Phase  n.  Micro¬ 
hardness  measurements  were  similar  for  the  various  diffusion  zones,  except 
for  the  "islands"  in  the  coating  which  were  much  harder  in  the  Phase  I  coating 
(2290  DPH  as  compared  to  946  DPH). 

In  a  further  study  of  the  Sylcor  coating,  one  specimen  from  each  of 
the  creep-rupture  specimen  batches  was  prepared.  It  was  felt  that  these  speci¬ 
mens,  fabricated  from  thinner  sheet  than  the  rest  of  the  specimens  (0.  012  inches 
instead  of  0.  020),  might  provide  an  interesting  comparison  with  the  20  mil  spec¬ 
imens.  These  specimens,  shown  in  Figure  9,  were  quite  similar,  exhibiting 
virtually  the  same  hardness  measurements  and  inner  zone  thicknesses.  Coverage 
by  the  outer  zone  was  somewhat  erratic.  It  was  missing  in  some  areas  and  up 
to  16  mils  in  thickness  in  others. 

The  most  appreciable  difference  among  the  four  specimens  was  the 
range  of  outer  zone  thickness.  This  was  probably  not  a  batch  difference,  but 
rather  a  specimen-to-speoimen  difference.  A  spot  check  of  some  of  the  other 
specimens  from  common  batches  also  showed  a  large  variability  of  overall 
coating  thickness.  All  prepared  specimens  seemed  to  have  approximately  the 
same  2  mil  inner  zone  thickness.,  however. 


C129Y  Columbium  Alloy 

All  six  coating  systems  evaluated  in  the  screening  phase  of  the  program 
were  very  similar  to  the  D43  specimens.;  All  exhibited  void-free  substrate 
coverage  with  reasonably  uniform  coating  thickness,  except  for  the  Sylcor  speci¬ 
mens  which  varied  from  4.  8  to  10.  6  mils.  The  five  other  coatings  were  much 
thinner,  averaging  1.  4  mils  (Chromizing)  to  2.  6  mils  (LTV),  with  a  slight  thick¬ 
ening  at  the  edges. 

As  with  the  D43  coatings,  there  was  no  evidence  of  a  diffusional  reaction 
between  the  coating  with  substrate  of  the  Boeing,  Pfaudler,  or  Chromizing  speci¬ 
mens,  but  the  Sylcor,  LTV,  and  TRW  systems  each  contained  intermediate  zones 
The  Sylcor  system  was  very  similar  to  the  D43  coating,  containing  one  intermediate 
zone  and  numerous  hard  "islands"'  in  the  porous  outer  layer.  The  I.  f  V  system, 
like  the  D4  3  coating,  contained  three  distinct  zones.;  The  TRW  Phase'  II  coating 
differed  from  the  D43  coating  in  that  no  hard  "islands"  were  found  within  the  dif¬ 
fusion  zone. 


In  every  instance,  there  was  some  reduction  in  substrate  thickness 
after  coating.  Approximately  one -half  mil/side  was  observed  with  the  TRW, 
Chromising,  and  Pfaudler  coatings  and  approximately  one  mil/ side  with  the 
Sylcor,  LTV,  and  Boeing  coatings.  Substrate  recrystallization  was  observed 
in  five  of  the  six  coatings,  particularly  in  the  TRW,  Sylcor,  and  LTV  systems. 
Only  the  Chromising  process  failed  to  alter  the  substrate  microstructure. 

Comparative  photomicrographs  for  the  TRW  and  Sylcor  Phase  I  and 
II  specimens  are  presented  in  Figures  11  and  12. 

The  Sylcor  specimens  were  quite  similar  in  appearance.  Both  coatings 
were  comparable  in  thickness  (7.  7  and  7.  2  mils,  respectively)  and  experienced 
approximately  the  same  loss  of  substrate  thickness  as  a  result  of  the  coating 
application  (1.  12  and  1.  07  mils  respectively).  The  only  notable  difference  was 
the  higher  hardness  values  within  the  various  zones  of  the  Phase  I  specimen 
(see  Table  4). 

The  two  TRW  coating  batches  were  quite  different.  The  surface  of  the 
Phase  II  joating  was  much  darker  in  appearance  than  the  Phase  I  coating,  as 
shown  in  Figure  15.  In  cross  section,  the  Phase  I  coating  had  an  intermediate 
layer  which  was  not  visible  in  the  Phase  II  system.  Furthermore,  at  the  coating - 
substrate  interface  of  the  Phase  II  coating,  irregularly  spaced  fingers  extended 
from  the  base  of  the  coating  into  the  substrate.  Nominal  coating  thickness  was 
one -half  mil  less  in  the  Phase  II  specimen.  With  respect  to  microhardness  and 
loss  of  substrate  thickness,  the  two  coating  batches  were  not  appreciably  different. 

BEND  TRANSITION  TEMPERATURE 

Bend  transition  data  are  summarized  for  both  alloys  in  Table  5.  Included 
with  these  data  are  test  results  for  uncoated  D43  and  C129Y,  both  of  which  were 
ductile  at  -50  *F  (the  lowest  temperature  at  which  tests  were  conducted). 

D43  Columbium  Alloy 

The  Sylcor  and  TRW  coatings,  both  evaluated  in  two  batches,  exhibited 
no  loss  of  ductility  in  this  test.  Ductile  90*  bends  were  formed  in  specimens 
from  both  batches  of  each  coating  at  -50  *F. 

Of  the  other  four  coatings  tested  in  a  single  batch,  the  Chromizing  and 
Boeing  coatings  maintained  a  BTT  below  -50  *F,  while  the  BTT  of  the  LTV  speci¬ 
mens  increased  to  between  125*  and  150*F,  and  that  of  the  Pfaudler  samples 
increased  to  between  125*  and  150  *F. 


G129Y  Columbium  Alloy 

These  six  coating  systems  behaved  very  similarly  to  the  D43  coatings. 
Among  the  coatings  tested  in  one  batch,  only  the  Chromising  and  Boeing  coatings 


Table  5.  Bend  Transition  Temperature  Measurements 
of  Coated  D43  and  Cl 29 Y 


D43 

Bend  T ransition 

Coating  Vendor 

Coating  Designation 

Temperature  (t)  -  F 

TRW  (Two  Phases) 

Cr-Ti-Si 

-50>  t 

Chromizing 

Durak  KA 

-50>  t 

Pfaudier 

PFR  -32 

75  <  t  <  125 

Sylcor  (Two  Phases) 

R508 

-50>  t 

LTV 

Cr-B  Modified 
Two-Cycle  Silicide 

0  <  t  <  25 

Boeing 

Disil 

-50>  t 

C129Y 

i 

Bend  Transition 

Coating  Vendor 

Coating  Designation 

Temperature  (t)  -  F 

TRW  (Two  Phases) 

Cr  -T  ji 

-50>  t  | 

Chromizing 

Durak  KA 

-50>  t  i 

Pfaudier 

PFR -32 

125  <t<  150  1 

Sylcor  (Two  Phases) 

R508 

-50>  t  | 

LTV 

Cr-B  Modified 
Two-Cycle  Silicide 

0  <  t  <  25 

Boeing 

Disil 

-50>  t 

L 


maintained  a  BTT  below  -50  *F,  the  Pfaudler  coating  showed  an  increase  in 
BTT  to  between  125*  and  150®F,  and  the  LTV  system  increased  to  a  value 
between  0*  and  25  *F.  The  TRW  and  Sylcor  coatings,  both  tested  in  two  batches, 
were  ductile  at  -50  *F. 

TENSILE  TESTING 

Room  temperature  tensile  test  results  are  summarized  in  Table  6  for 
D43  and  in  Table  7  for  Cl  29V.  Supplementing  the  tabular  data  are  typical  stress - 
strain  diagrams  for  each  coating  system  (Figures  16  through  19). 


D43  Columbium  Alloy 

In  Phase  I  testing,  the  Pfaudler,  LTV,  and  Sylcor  coatings  had  virtually 
no  effect  on  the  yield  or  ultimate  strengths  of  the  alloy.  The  LTV  specimens 
actually  showed  a  9%  average  Increase  in  yield  strength.  All  three  coating  sys¬ 
tems  exhibited  significant  loss  in  ductility  as  evidenced  by  their  ultimate  strain. 
The  LTV  specimens  had  an  average  ultimate  strain  of  10.  7%,  56%  less  than  the 
average  of  the  uncoated  specimens,  whereas  the  Pfaudler  and  Chromizing  speci¬ 
mens  had  respective  average  ultimate  strains  of  12.  3%  and  12.  7%,  approximately 
34%  less  than  the  uncoated  alloy. 

The  Boeing  coating  produced  the  most  severe  loss  of  strength.  Both 
yield  and  ultimate  strength  decreased  by  40%.  This  was  based  on  one  test  alone, 
since  the  other  two  specimens  were  not  returned  by  the  vendor.  The  ultimate 
strain  of  this  specimen  was  reduced  by  only  22%  which  was  less  than  any  of  the 
other  five  coating  systems. 

The  Sylcor  Phase  I  specimens  had  a  9%  average  reduction  in  yield 
strength  and  a  6%  reduction  in  ultimate  strength.  Average  ultimate  strain  was 
11.  8%,  38%  less  than  the  uncoated  alloy.  The  Phase  II  specimens  yielded  similar 
data,  with  yield  and  ultimate  strength  reductions  of  8%  and  an  average  ultimate 
strain  of  12.  7%. 

The  TRW  coating  displayed  a  definite  batch  difference.  The  Phase  I 
specimens  showed  average  reductions  in  yield  strength  of  24%  and  a  reduction  in 
ultimate  strength  of  26%,  whereas  the  Phase  II  specimens  exhibited  an  average 
reduction  in  both  yield  strength  and  ultimate  strength  of  19%.  The  Phase  II 
samples  were  also  more  ductile,  averaging  an  ultimate  strain  of  16.  3%  as  com¬ 
pared  to  only  9.  5%  for  the  Phase  I  specimens. 


C12'1Y  Columbium  Alloy 
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Table  6.  Room  Temperature  Tensile  Test  Results 
for  Coated  D43  Columbium  Alloy 

Tensile  Strength  (ksi)  Ultimate  Elongation 


Coating 

Phase 

Yield* 

Ultimate 

(%> 

TRW  (Cr-Ti-Si) 

I 

45.  0(.  77) 
44.  0(.  75) 

62.  5(.  75) 

58.  0(.  70) 

10.  5(.  55) 

7.  6(.  40) 

n 

45.  6(.  78) 
47.  5(.  81} 
50.  0(.  85) 

66.  3(.  80) 

68.  2(.  82) 

68.  2(.  82) 

15.  1(.  79) 

16.  3(.  85) 

16.  7(.  87) 

Sylcor  (Ag-Si-Al) 

I 

54.  0(.  92) 

55.  5(.  95) 
50.  0{.  85) 

77.  0(.  93) 

78.  0(.  94) 

78.  5(.  94) 

10.  7(.  56)** 

10.  7(.  56) 

14.  0(.  74) 

n 

47.  0(.  80) 
57.  5(.  98) 
58.8(1.00) 

76.  4(.  92) 

76.  7(.  92) 

76.  1(.  91) 

12.  1(.  63) 

13.  9(.  73) 

12.  9(.  67) 

Pfaudler-PFR-32 

i 

59.  0(.  99) 

60.  0(1.  02) 
55.  0(.  94) 

85.  5(1.03) 

86.  5(1.  04) 

84.  0(1.  01) 

10.  7(.  56) 

13.  1(.  69) 

13.  2(.  70) 

Chromizing  -Durak  KA 

i 

57.  5(.  98) 

58.  5(1.0) 
57.  5(.  98) 

81.  5(.  98) 

82.  5(.  99) 

79.  0(.  95) 

12.  7(.67) 

12.  7(.  67) 

12.  7(.  67) 

LTV  -Cr-B  Modified 
Silicide 

i 

60.  0(1.  02) 
66.  3(1.  13) 
66.  0(1.  13) 

85.  5(1,  02) 

84.  0(1.  01} 

80.  0(.  96) 

11.  4(.  60) 

10.  4(.  55) 

10.  3(.  54) 

Boeing  -Disil 

i 

35.  0(.  60) 

49.  4(.  59) 

14.  8(.  78) 

Uncoated  57.  5  83.  3  20.  3 

56.8  83.2  18.3 

61.2  83.2  18.6 


*  0.  1%  offset 

**  Broke  outside  gage  length. 

NOTE:  All  stress  values  were  based  upon  original  sunstrate  dimensions. 
Tes's  were  conducted  at  a  strain  rate  of  0.  05  in/in/min.  The 
numbers  in  parentheses  represent  the  ratio  of  coated  to  average 
uncoated  values. 


Table  7.  Room  Temperature  Tensile  Test  Results 
for  Coated  C129Y  Columbium  Alloy 

Taasile  Strength  (ksi)  Ultimate  Elongation 


Coating 

Phate 

Yield* 

Ultimate 

_ SSL _ 

TRW  (Cr-Ti-Si) 

I 

76.  0(.  78) 

90.  0(.  80) 

20.  9(1.  60) 

75.  0(.  77) 

87.  6(.  78) 

20.  3(1.  55) 

72.  0(.  75) 

83.  0(.  73) 

20.  9(1.  60) 

n 

72.  5(.  75) 

86.  9(.  77) 

22.  5(1.  72) 

78.  0(.  80) 

90.  8(.  80) 

18.  15(1.  39) 

68.  5(.  71) 

85.  5(.  76) 

19.  55(.  149) 

Sylcor  (Ag-Si-Al) 

I 

78.  0(.  80) 

87.  2(.  77) 

16.  2(1.  24) 

79.  0{.  81) 

90.  6(.  80) 

16.  2(1.  24) 

73.  0(.  75) 

86.  0(.  76) 

15.  5(1.  18) 

II 

58.  0(.  60) 

82.  6(.  73) 

14.  7(1.  12) 

70.  0(.7  2) 

86.  0(.  76) 

14.  8(1.  13) 

61.  5(.  63) 

83.  0(.  73) 

16.  0(1.  22) 

Pfaudler  -PFR-32 

I 

91.  0(.  94) 

111.  0(.  98) 

13.  5(1.  03) 

87.  0(.  90) 

95.  6(.  85) 

8.  5(.  65)** 

88.  0(.  91) 

99.  0(.  88) 

11.  0(.  84) 

Chromizing  -  Durak  KA 

I 

96.  0(.  99) 

106.  0{.  94) 

15.  4(1.  18) 

103.  0{1.06) 

110.  0(.  97) 

12.  8(.  98) 

97.  0(1.00) 

103.  2(.  91) 

14.  8(1.  13) 

LTV  -Ci  -B  Modified 

Silicide 

I 

78.  0(.  80) 

90.  8(.  80) 

13.  8(1.  05) 

80.  5(.  83) 

85.  7(.  76) 

15.  3(1.  17) 

-  - 

90.  8(.  80) 

14.  9(1.  H) 

Boeing  -  Disil 

1 

77.  5(.  80) 

88.  0(.  78) 

19.  0(1.  45) 

71.  5(.74) 

87.  0(.  77) 

18.  9(1.  44) 

74.  0(.  76) 

85.  2(.  75) 

18.  9(1.  44) 

Uncoated 

92.  5 

109.  0 

11.  8 

100.  0 

114,  0 

13.  8 

98.:  b 

116.  2 

13,8 

*  0.  1%  offset 

**  Broke  outside  gage  length 

NOTE;  All  stress  values  were  based  upon  original  substrate  dimensions. 
T<  s.s  were  conducted  at  a  strain  rate  of  0.  05  in/m/nun.  The 
numbers  in  parentheses  represent  the  ratio  of  coated  to  avt  rage 
u’aoatt'd  values. 


Str«»s  (KSI) 


loO  r 


(ISH)  ••***£ 


by  heating  during  coating  application.  This  was  borne  out  by  the  observed  micro¬ 
structure  changes  in  the  coated  substrate.  For  example,  the  Chromixing  speci¬ 
mens  displayed  very  little  difference  in  yield  and  ultimate  strengths  or  ultimate 
strain,  and  no  changes  occurred  in  the  substrate  microstructure.  On  the  other 
hand,  the  Phase  X  TRW  specimens,  which  experienced  the  greatest  degree  of 
recrystallizatioc,  exhibited  a  23%  loss  in  both  yield  and  ultimate  strength  as 
well  as  a  $8%  increase  in  ultimate  strain.  With  one  exception,  the  other  Phase  I 
coating  systems  exhibited  strength  and  ductility  consistent  with  their  micro¬ 
structures.  The  single  exception  was  the  Pfaudler  specimens  which  revealed 
an  average  reduction  in  ultimate  strain  of  26%,  despite  significant  recrystallization 
of  the  substrate.  However,  a  pronounced  increase  in  the  bend  transition  temper¬ 
ature  of  this  coating  system,  noted  previously  in  this  report,  suggested  significant 
embrittlement  of  the  substrate  by  the  coating  process. 

The  Phase  XX  tensile  tests  conducted  on  the  Sylcor  and  TRW  coatings  are 
also  presented  in  Table  7.  Very  little  difference  was  noted  for  the  two  TRW 
specimen  batches.  The  two  Sylcor  batches  yielded  similar  ultimate  strength 
and  elongation  values;  however,  the  average  yield  strength  of  the  Phase  I  speci¬ 
mens  was  approximately  12%  greater  than  that  of  the  Phase  II  specimens.  This 
was  contrary  to  expectations,  since  it  was  felt  that  the  lower  temperature  used 
in  processing  the  Phase  C  specimens  would  have  produced  a  smaller  change  of 
tensile  properties. 

CYCLIC  OXIDATION  TESTING 

Results  of  the  cyclic  oxidation  teste  are  presented  in  Table  8  for  coated 
D43  and  in  Table  9  for  coated  C129Y.  The  Sylcor  and  TRW  coatings  which  had 
exhibited  the  best  oxidation  protection  In  Phase  I  tests  of  both  alloys  were  selected 
for  Phase  n  testing  and  were  tested  in  two  batches  at  each  temperature. 

Weibuli  plots  for  all  2600  *F  tests  of  both  alloys  and  at  2400  *F  for  coated 
C129Y  are  shown  in  Figure*  20  through  35.  In  constructing  the  2600  °F  plots  for 
the  Sylcor  and  TRW  coating*,  the  data  were  analysed  for  statistically  significant 
differences  between  the  two  batches.  If  no  batch  differences  were  detected,  the 
data  were  pooled.  However,  where  significant  hatch  differences  were  present, 
two  separate  curves  were  plotted. 


D43  Columbium  Alloy 


Because  of  difficulties  encountered  in  testing  the  Chromizing  Durak  KA 
coating  at  2600  *F  (see  below),  no  specimens  were  available  for  testing  at  the 
other  temperatures.  At  1600 *F,  only  the  TRW  a^d  Sylcor  coatings  exhibited 
good  oxidation  protection.  The  TRW  specimens,  r'ui  in  two  batches,  had  only 
one  edge  failure  in  the  last  16-hour  cycle,  and  the  Sylcor  coating,  tested  In  only 
one  batch  because  of  insufficient  specimens  from  the  Phase  H  group,  showed  no 
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C  oatieg 


Tab,*  #.  Cyclic  Date  for  Coated  043  Colombian* 

Hour*  to  FtUitr* 

Ptoit  I  F*»««  g 

45*.  49*.  41*.  45* 


Tl J* 


TRW  (Cr-Tl-54)  1600 

2400 

2400 

9000 

Sylcor  (Ag-5i*Al)  1400 
2400 
2400 

3000 

Handler  (Pm-32)  1400 
2400 

2400 

3000 


4»*,4**,  4**,  45(e) 

101(c),  115(c),  139(c) 
153(c) 


1(c),  1(c),  1(c),  1(c) 

40*,  4*4,  40*.  4*4 


90(c).  103(c),  113(c), 
122(c) 

43(c),  43(c),  110(«), 
112(c),  117(c),  135(c).  ' 
144(c*c).  153(e).  153(c), 


45(c),  74(c).  75(c), 
94(c) 


39(c)44 
1(c).  1(c),  1(c),  1(c) 

Not  conducted- 
inefficient  apecimcaa 

•7(c).  93(c),  97(c), 
95(c) 

52(c).  59(4),  79(c), 
79(4),  54(c),  *9(4), 
91(4).  114(c),  117(c*c), 


155(c)  117(c  •*) 

11(c),  11(c),  12(c),  13(a)  15(c).  14(c).  17(c) 

24(c),  24(c),  *24(c).  24(c) 

10(e.e),  10(c).  11(c),  11(4). 

12(c),  12(c),  13(c),  15(4), 

19(c).  20(c) 

2(c),  2(c),  2(c).  3(c.  a),  3(c), 

5(c).  5(c).  4(c),  4(c).  5(4), 

1(c).  1(c),  1(e),  1(c) 


4(4),  7(c),  9(c).  25(c).  2(c),  23(c),  34(c), 

24(c),  29(c),  33(c).  34(c).  34(c).  34(c).  36(c), 
44(c),  61(c)  37(c).  37(c),  37(c), 


LTV  (Cr-B 

Modified  Silieldc)  1400 
2400 
2400 


3000 


5(c).  5(c),  9(c),  454 

21(4),  25(4),  47(4),  49(4) 

2(0.  9(4),  13(c),  15(c), 
24(c),  25(c),  30(c),  31(c), 
34(c).  35(c) 

1(c).  1(c),  1(c),  1(c)  * 


Boeing  (Diall)  1600 
240C 
2600 

3000 


4(c),  5(c),  5(c) 

6(c),  10(c),  22(c),  30(c) 

4(c).  9(c),  9(c),  9(c), 
9(c).  9(c).  9(c),  10(c), 
12(c),  13(c) 

1(c),  1(c).  1(c),  1(c) 


Chromic!*! 

(Durak  KA)  2600  2(a),  2(a),  6(a,  a),  5(c). 

6(e,  a),  6(a),  6(c,  a),  6(a,  a) 

(Other  Tecta  Not  Conducted  •  Inefficient  Specimen*) 

4014  not  fail 

c*  The  furnace  became  inoperative  during  the  35th  cycle,  reducing  the 
temperature  to  2200°r  before  it  wee  diecovered. 

NOTE:  Letter*  In  parenthceee  refer  to  failure  location;  i.  a. ,  a  *  edge, 
a  *  eurface,  c  «  cataetrophic 
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TBW  (Cr-Tl-Oi) 


9.  Cyclic  (MfaHw  BM  (h  CulW  Cl  MY  MwnMw 


.Fftftgf.l 


ftaMitftftttt 

*»»«o 


14W  Ms).  •{»),  4(e),  *{»-•)  ♦**,  «*•,  «»,  4#* 

24-~‘  27(e).  42<s>.  44(s),  44(c),  T0{»>.  70(e).  91(e,e), 

47(e),  49(e).  72(c).  74(e),  MX*)  • 

*»(•).  01(e) 

MM  24(c).  37(e),  >/{»).  37(e),  *4(s).  2T(e),  JX«), 

37(e),  37(e),  44(e).  49(s,e},  *«(»).  31(e),  14(e). 
09(e),  «<•)  ««•).  42(e).  44(c). 

4M«> 

SOM  t(e).  1(e),  1(e).  Me)  1(e),  Me).  Me).  Me) 


Oyltue  (Ag-Oi-Al)  IWO  4#*,  4*e,  4*e,  40*  ♦*♦.  4**.  40e.  4** 

24M  24(e).  94(e),  94(e),  97(e),  44(e),  44(e).  47(e). 

97(e).  99(e),  99(e),  160(e),  74(e) 

104(e),  107(e) 

2400  40(e).  104(e).  100(c).  112(e).  29(e).  22(e),  32(e). 

114(c).  114(c).  120(e),  127(e).  33(c).  34(c),  34(c). 
129(e),  129(e)  37(e),  30(e),  43(c). 

70(c) 

30M  3(c),  Me).  3(c),  7(c)  7(c).  0(c).  0(c).  0(c) 


Mu«n  (m*)»  14M  20(e).  40*.  40*.  40* 

'  2400  14(c).  17(e).  17(e).  20(e). 

21(e).  21(e),  21(e.e),  24(e). 
27(e).  29(e) 

24M  4(e)  •  ell  tea  cpccimcnc 

SOM  1(c),  1(c),  Me).  2(c) 


LTV  (Cr*> 

MMiftcO  fOictOe)  14M  4(e),  24(e),  40*.  40* 

24M  4(e).  4(e).  4(e).  3(e),  4(e), 

7(e).  7(e),  7(e).  24(e).  37(e) 

24M  2(c);  2(c).  2(c),  2(e),  2(c), 

2(e,e),  3(e).  4(c).  4(e).  14(e) 

SOM  !(*)<  Me).  Me).  Me) 


Bo* tag  (Dt.il)  1490  4(e),  40*.  40*.  40f 

24M  19(e).  24(e),  24(e),  20(e), 

29(e),  30(e),  30(e),  3M«), 

34(e).  34(e) 

2400  2(e),  2(e),  2(e),  4(e),  4(e), 

17(e),  10(e),  23(e).  2»(e,e). 

27(e) 

SOM  1(e).  Me),  2(e)  *  ^ 

Chromtatag 

(Derek  KA)  1400  40*.  40*,  40*.  40* 

24M  14(e),  14(e),  lf(e),  14(e), 

17(e),  17(e),  19(e), 

21(e).  21(e).  24(e) 

2400  Me).  0(e,  e),  0(e),  »'•), 

0(e),  0(e),  0(e).  9(e,.  9(e), 

IK*) 

3000  2(e),  2(e),  2(c) 

•  DM  Not  Fall 

NOTF:  Lottere  In  parsatiioeee  refer  to  failure  location;  1.  e. .  a  *  edge, 
e  *  surface,  c  *  catastrophic 


Cumulative 


tO  K>  >0  40  *010  90  too  too  100  400  COO  000 WOO 


I  Iff  -  Hour* 


Figure  20.  Welbull  Plot  of  2600°F  Cyclic  Oxidation  Test  Reoulto; 
Sylcor  Ag-Si-Al  Coating  on  20  mil  043 
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to  SO  40  <000  to  too 


H  Figure  23.  Weibull  Plot  of  2600*F  Cyclic  Oxidation  Te»t  Results; 

Boeing  Oisil  Coating  on  20  mil  D43 


I  S  3  4  8  #  r  •  SIC  to  SO  40  90  *0  *0  100 

Life  •  Hour* 


Figure  24.  Weibull  Plot  of  2600 *F  Cyclic  Oxidation  Test  Results; 

LTV  Two-Cycle  Modified  Silicide  Coating  on  20  mil  D43 
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Figure  26.  Weibull  Plot  of  2600 *F  Cyclic  Oxidation  Test  Results 
Cr-Ti-Si  Coating  on  20  mil  C129Y 


I  *  3  4  S  C  ?  1 940  SO  *040*00000*0 

V 

Life  -  Hoars 

Figure  27.  Weilwll  Plot  of  2600°F  Cyclic  Oxidation  Teat  Results; 
Boeing  Oisil  Coating  on  20  mil  C129Y 


Life  -  Hour* 

Figure  28.  Weibull  Plot  of  2600°F  Cyclic  Oxidation  Test  Results; 

LTV  Two-Cycle  Modified  Silicide  Coating  on  20  mil  C129Y 
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Figure  30*  Weibttll  Plot  of  2400 *F  Cyclic  Oxidation  Teat 
Keaults;  Sylcor  Ag-Si-Al  Coating  on  20  mil 
C129Y 


Cumulative  Failure# 


Life  -  Hour* 


Figure  32.  Weibull  Plot  of  2400°F  Cyclic  Oxidation  Teat 
Results;  Boeing  Oisil  Coating  on  20  mil  C129Y 


Figure  33.  Weibull  plot  of  2400°F  Cyclic  Oxidation  Teat 
Results;  Pfaudler  PFR-32  Coating  on  20  mil 
C129Y 


L>fe  -  Hour* 

Figure  34.  Weibull  plot  of  2400°F  Cyclic  Oxidation  Test 

Results;  LTV  Cr-B-Silicide  Coating  on  20  mil 
C129Y 
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Figure  35.  Weibull  Plot  of  2400 *F  Cyclic  Oxidation  Test 
Results;  Chromizing  Durak  KA  Coating  on 
20  mil  C129Y 


failures.  In  general,  the  Pfaudler,  LTV,  and  Boeing  coatings  showed  very  poor 
low  temperature  protection,  and  all  but  one  LTV  specimen  failed  to  survive  the 
48 -hour  test  period. 


Of  those  tested  at  3000 *F,  only  the  Sylcor  Ag-Si-Al  coating  provided 
any  measure  of  oxidation  protection;  all  others  failed  catastrophically  during 
the  first  thermal  cycle.  The  Sylcdr  coating,  tested  in  two  batches,  was  sur¬ 
prisingly  effective  at  this  temperature,  with  coating  lifetime  ranging  from  11 
to  17  hours. 


At  2600 *F,  the  Sylcor  Ag-Si-Al  coating  was  clearly  the  best  of  the  six 
systems  tested.  This  was  not  unexpected  in  view  of  the  relative  thickness  of  the 
coating.  In  the  Phase  I  group  of  ten  specimens,  the  first  failures  occurred  at 
63  hours,  a  value  which  exceeded  the  longest  time  to  failure  of  any  other  coated 
D43  specimen.  The  Weibull  distribution  slope  of  these  data  was  4.  3  (indicative 
of  a  nearly  normal  distribution)  with  a  maximum  probable  life  of  180  hours  (see 
Figure  20).  The  Phase  II  group  behaved  somewhat  differently;  a  standard  sta¬ 
tistical  comparison  (the  Wilcoxon  Rank  Test)  revealed  that  the  batches  did  not 
represent  the  same  population,  and,  therefore,  a  separate  Weibull  distribution 
was  plotted  (see  Figure  20).  The  resulting  slope  was  very  close  to  the  Phase  I 
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plot,  but  the  extrapolated  maximum  life  wae  120  hours.  This  batch  difference 
did  not  seem  unusual  since  the  coating  on  the  Phase  I  specimens  (7.  2  -  13.  6  mils) 
was  much  thicker  than  that  on  the  Phase  II  specimens  (2.  4  -  7,  6  mils). 

The  Phase  I  batch  of  the  TRW  Cr~Ti~Si  coating  followed  a  nearly  ex¬ 
ponential  Weibull  slope  of  1.  3  with  a  maximum  expected  life  of  90  hours  (see 
Figure  21).  In  testing  the  Phase  II  specimens,  the  furnace  failed  during  the 
thirty -fifth  cycle  and  cooled  from  2600*  to  2200  *F  before  discovery.  When 
testing  was  resumed,  the  remaining  specimens  failed  within  the  next  four  cycles. 
The  Phase  II  data  were,  therefore,  considered  compromised  and  unsuitable  for 
analysis  or  comparison. 

The  Pfaudler  and  Boeing  coated  D43  specimens  exhibited  relatively 
poor  oxidation  resistance.  The  Pfaudler  specimens  formed  a  Weibull  failure 
distribution  slope  of  1.  7  and  a  maximum  probable  life  of  ten  hours  (see  Figure  22). 
The  Boeing  samples  exhibited  a  3.  1  Weibull  slope  and  a  maximum  probable  life 
of  fourteen  hours  (see  Figure  23), 

The  Chromizing  specimens  showed  a  tendency  to  react  with  the  alumina 
boats  during  test,  The  first  two  batches  of  ten  specimens  reacted  rather  severely 
within  the  first  three  cycles  of  test.  A  third  batch  of  eight  specimens  was  ulti¬ 
mately  tested  by  supporting  the  specimens  on  platinum  wire.  Although  no  reactions 
were  noted,  the  third  set  failed  in  less  than  six  hours,  and,  because  of  the  limited 
amount  of  data,  no  attempt  was  maUe  to  plot  a  Weibull  representation  of  the  failure 
distribution. 

The  LTV  specimens  failed  along  a  Weibull  slope  of  2.  4  with  a  maximum 
probable  life  of  44  hours  (see  Figure  24). 

Estimates  of  reliability  at  70%,  90%,  and  95%  probabilities  of  survival 
as  determined  from  the  Weibull  plots,  are  shown  in  Table  10.  The  Sylcor  coating 
was  clearly  the  most  reliable  of  the  group  at  the  95%  level,  followed  by  two 
systems  of  nearly  equal  reliability,  the  LTV  and  TRW  coatings.  It  is  interesting 
to  note  that  the  positions  of  these  latter  two  systems  were  interchanged  at  the 
90%  and  70%  levels. 

In  the  Phase  I  tests  at  2400 *F,  the  TRW  Cr-Ti-Si  coating  exhibited  sub¬ 
stantially  longer  life  than  the  Sylcor  Ag-Si-Al  system,  with  a  mean  life  of  127 
hours  as  compared  to  107  hours.  This  was  a  reversal  of  the  2600 *F  results, 
where  the  Sylcor  costing  was  clearly  the  better  of  the  two.  Both  coating  systems 
exhibited  apparent  l-  .ch  differences  in  these  tests  at  2400  *F.  The  Phase  13  TRW 
specimens  had  a  m^an  life  of  74  hours,  while  the  Phase  I  coating  mean  was  127 
hours.  The  Pha3e  II  Sylcor  coating  exhibited  an  average  oxidation  life  of  94  hours 
as  compared  to  107  hours  for  the  Phase  I  specimens.  Because  of  the  extremely 
limited  number  of  specimens  run,  it  was  not  possible  to  substantiate  these  apparent 
batch  differences  by  statistical  analyses.  It  is  quite  possible  that  the  results  were 
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Tfcbl*  10.  Probable  Cyclic  Oxidation  Life  it  2600 *F  o £ 
Coated  043  for  Various  Level*  of  Reliability 


Coating  Life  (Hours)  at  Specified  Levels  of 


Reliability 

Coating 

IS 

95% 

TRW  Cr-Tl-Si 

16 

6 

3-4 

Pfaudler  PFR-32 

2-3 

1 

<1 

Chromizing  Durak  KA 

2-3 

1-2 

1  -  2 

LTV  -Cr-B  Modified 
Two-Cycle  Silicide 

1? 

10 

7  -  8 

GTItE  Ag-Si-Al  (I) 

110 

80 

68 

<n) 

73 

58 

50 

Boeing  Disll 

6-7 

4-5 

3  -  4 

coincidental  and  the  specimens  actually  represented  the  same  population.  How¬ 
ever,  the  Sylcor  batch  difference  seems  to  be  borne  out  in  the  statistical  compar¬ 
ison  of  the  2600 *F  results.  The  existence  of  a  real  batch  difference  with  the  TRW 
coating  must  be  left  to  conjecture,  although  the  difference  in  nominal  coating 
thickness  between  the  batches  (2.  1  for  Phase  I  compared  to  1.  6  for  Phase  II) 
could  have  produced  this  effect. 

At  2400  *F,  the  LTV,  Pfaudler,  and  Boeing  coatings  were  of  nearly  equal 
rank.  As  in  the  2600  *F  tests,  the  LTV  specimens  demonstrated  better  oxidation 
resistance  than  either  the  Boeing  or  Pfaudler  coatings,  and  the  latter  two  were 
approximately  equal. 


C129Y  Columbiam  Alloy 

At  1600 *F,  most  of  the  six  coatings  demonstrated  better  low  temperature 
oxidation  protection  on  this  alloy  than  on  D43.  A  notable  exception  was  the  TRW 
Phase  I  specimens.  All  four  samples  with  this  coating  failed  within  the  first 
eight  hours.  In  contrast,  none  of  the  Phase  II  specimens  from  TRW  failed  in 
48  hours  at  1600 'F.  Single  specimens  from  Pfaudler  and  Boeing  and  two  LTV 
specimens  failed  within  the  48 -hour  test  period.  These  were  all  edge  failures, 
not  the  catastrophic  failures  usually  associated  with  low  temperature  protection 
problems.  None  of  the  Chromizing  or  Sylcor  specimens  failed  in  this  test. 

Most  of  the  coatings  were  nonprotective  at  3000  *F,  all  specimens  failing 
within  two  cycles.  The  only  exception  was  the  Sylcor  Ag-Si-Al  coating  which 
protected  specimens  from  three  to  eight  hours  at  this  temperature. 
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As  in  the  D43  cyclic  oxidation  tests,  the  Sylcor  coating  again  exhibited  | 

the  beet  oxidation  reeiet&nce  at  2600  *F.  The  Weibull  dietributicn  elope  from 
Phase  I  teste  of  this  coating  was  12.  7,  and  the  extrapolated  maximum  life  was 
132  hours  (see  Figure  25).  A  statistical  comparison  of  Phase  I  and  Phase  n 
groups  again  showed  batch  difference,  so  a  separate  plot  was  constructed  for 
the  Phase  n  data.  This  group  had  a  Weibull  slope  of  9.  4  and  a  maximum  life 
of  45  hours,  considerably  less  than  the  Phase  1  batch.  Although  one  of  the 
Phase  n  specimens  lasted  through  70  hours,  it  did  not  appear  that  this  speci¬ 
men  followed  the  failure  trend  for  this  batch,  thus  the  conservative  extrapolation  , 

of  maximum  life. 

The  Wilcoxon  Rank  Test  revealed  that  the  two  TRW  batches  at  2600 “F 
represented  the  same  population,  and  the  data  were  pooled  in  plotting  the  Weibull 
distribution.  With  a  threshold  parameter  (a)  equal  to  zero,  the  resulting  plot 
as  shown  in  Figure  26  was  not  a  straight  line.  By  successive  approximations 
it  was  finally  determined  that  with  an  a  equal  to  24.  5  hours,  a  straight  line  plot 
could  be  made.  The  resulting  distribution  had  a  slope  of  0.  9  (approximately 
exponential)  and  a  maximum  expected  life  of  114  hours. 

The  Boeing  group  exhibited  the  only  bimodal  failure  distribution  at  2600  *F. 

The  initial  failure  distribution  followed  a  0.  7  distribution  slope  to  17  hours  and  a 
slope  of  l.  7  thereafter  (see  Figure  27).  Maximum  probable  life  of  this  coating 
was  39  hours. 

The  other  three  coatings  demonstrated  rather  poor  oxidation  protection 
at  2600 *F  compared  to  the  TRW  and  Sylcor  coatings.  The  Pfaudler  PFR -3 2 
coating  exhibited  rather  unusual  behavior.  From  the  first  cycle  of  test,  an 
oxide  film  formed  over  the  surface  of  all  the  specimens.  This  film  was  brushed 
away  at  each  hourly  cycle,  but  continued  to  reform.  At  the  sixth  cycle,  the 
entire  lot  of  specimens  was  removed  from  test  and  judged  to  be  failed  because 
of  this  oxide  layer  formation.  These  data  were  not  treated  by  the  Weibull  analysis. 

The  LTV  specimens  formed  a  Weibull  slope  of  0.  7  for  a  maximum  expected  life 
of  20  hours  (see  Figure  28),  and  the  Chromizing  samples  followed  a  slope  of  2.  0 
with  a  maximum  probable  life  of  13  hours  (see  Figure  29). 

Estimates  of  reliability  from  the  Weibull  curves  are  sumnu  rized  in 
Table  11.  The  relative  positions  of  all  of  the  coatings  were  identical  at  the  70, 

90,  and  95%  levels  of  reliability  and  ranked  as  follows:  Sylcor  Phase  I,  Sylcor 

Phase  n,  TRW  (pooled),  Chromizing,  Boeing,  and  LTV.  The  Pfaudler  was  not 

ranked  because  of  its  erratic  behavior.  ! 

Weibull  plots  for  the  2400 *F  tests  were  presented  in  Figures  30  through  j 

35.  In  the  TRW  and  Sylcor  Phase  II  tests,  only  four  specimens  per  coating  were 
tested,  so  the  distribution  plots  represent  only  Phase  I  tests.  j 

! 

The  oxidation  behavior  of  the  Sylcor  Phase  I  coating  at  2400 *F  was  rather  j 

unusual  inasmuch  as  specimen  life  was  shorter  than  at  2600 *F.  The  data  were  ! 
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Table  11.  Probable  Cyclic  Oxidation  Life  at  2f  D0°F  of 

Coated  C129Y  for  Various  Level*  of  Reliability 


Coating  Life  (Hours)  at  Specified  Levels  of 
Reliability 

Coating 

7C&. 

90% 

95% 

TRW  Cr-Ti-Si 

31 

26 

25 

Pfaudler  PFR-32 

(All  Specimens  Tested  Failed  After 

6  Hours) 

Chromizing  Durak  KA 

LTV  Cr-B  Modified 

4 

2 

1-2 

Two-Cycle  Siiicide 

<1 

<1 

<1 

Sylcor  Ag-Si-Al  (I) 

115-120 

110 

95 

(n) 

35 

30 

28 

Boeing  Disil 

2 

<1 

<1 

very  tightly  grouped  as  the  Weibull  slope  {21.  0)  would  indicate,  and  maximum 
expected  life  was  107  hours  {see  Figure  30).  The  mean  life  for  the  Phase  I  set 
was  90  hours,  as  ccmpared  to  an  average  life  of  64  hours  for  the  Phase  I  group. 
This  confirmed  the  2600  *F  test  results,  which  indicated  a  batch  difference. 

Tests  of  the  Phase  II  specimens  of  this  coating  followed  expectations,  showing 
longer  life  at  2400  *F  than  at  2600 *F. 

A  bimodal  failure  distribution  was  observed  at  2400  •F  with  the  TRW 
Phase  I  coating.  Initial  failures  followed  a  slope  of  1.  9  to  65  hours.  The  dis¬ 
tribution  broke  sharply  at  this  point  and  followed  a  slope  of  7.  7  to  a  maximum 
probable  life  of  85  hours  {see  Figure  31).  A  comparison  of  average  failure  times 
for  the  specimens  of  Phase  I  and  Phase  II  (64  and  83  hours)  suggested  a  batch 
difference  not  resolved  in  the  2600  *F  statistical  compel  Ison. 

The  other  four  systems  behaved  as  follows  at  2400  *F: 

•  The  Boeing  coating  failures  followed  a  Weibull  slope  of  5.  5 
with  a  maximum  coating  life  of  40  hours  (see  Figure  32); 

•  The  Pfaudler  failure  distribution  formed  a  slope  of  5.  25  to 
a  maximum  expected  life  of  30  hours  (see  Figure  33); 

•  The  LTV  coating  followed  a  random  failure  distribution 
(Weibull  slope  equal  to  1.  0)  to  a  life  of  50  hours  (see  Figure  34); 

•  The  Chromizing  coating  exhibited  a  slope  of  4.  75  lo  a  max¬ 
imum  life  of  25  hours  (see  Figure  35). 


The  relative  order  of  reliability  for  the  six  coatings  at  2400  *F  {Table  12) 
was  as  follows:  Sylcor,  TRW,  Boeing,  Pfaudler,  Chromizing,  and  LTV,  It 
should  be  noted  that  the  Boeing  coating  ranked  much  better  at  2400  *F  than  it 
had  at  2600 *F. 


Table  12.  Probable  Cyclic  Oxidation  Life  at  2400°F  of 

Coated  C129Y  for  Various  Levels  of  Reliability 


Coating  Life  (Hours)  at  Specified  Levels  of  Reliability 


Coating 

70% 

90% 

95% 

TRW  -  Cr-Ti-Si 

60 

32 

23 

Pfaudler  -PFR-32 

19 

16 

14 

Chromizing  -  Durak  KA 

16 

13 

v  10 

LTV  -Cr-B  Modified  Two- 
Cycle  Silicide 

5 

'  1 

<1 

Sylcor  -  Ag-Si-Al 

96 

90 

82 

Boeing  -  Disil 

26 

21 

18 

CREEP  RUPTURE  TESTING 

The  results  of  the  creep  rupture  tests  of  the  Sylcor  Ag-Si-Al  coating  on 
D43  and  C129Y  and  the  TRW  Cr-Ti-Si  coating  on  C129Y  are  summarized  in  Fig¬ 
ures  36  through  38  and  Tables  13  through  19.  The  data  include  the  times  to  1%, 

2%,  and  3%  creep  and  the  time  to  rupture.  The  indicated  percentages  refer  to 
the  specimen  elongation  in  excess  of  that  produced  by  initial  loading  and  thermal 
expansion.  These  creep  levels  are  used  merely  to  describe  the  behavior  of  the 
coating  systems  and  are  in  excess  of  normal  design  limits. 

The  analysis  of  variance  applied  to  the  data  of  these  tests  was  to  eval¬ 
uate  the  quality  of  the  experiment  with  respect  to  the  overall  effect  of  uncontrolled 
factors  (the  so-called  "error  term"),  such  as  specimen  or  machine  variability, 
and  to  estimate  the  effect  of  batch  or  testing  machine  differences. 

Each  point  on  the  creep-rupture  diagrams  represents  an  average  of  the 
several  tests  at  that  particular  stress-temperature  combination.  Where  the 
scatter  of  data  was  not  excessive,  a  regression  line  was  fitted  through  the  points 
by  visual  inspection. 
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Figure  36.  Creep-  and  Stress -Rupture  Curves  for  Sylcor  (Ag-Si-Al)  Coated  20  mil  D43 
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Figure  37.  Creep-Rupture  Curves  for  the  Sylcor  Ag-Si-Al 
Coating  on  20  mil  C129Y 
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Figure  38.  Creep-Ruptu  e  Curves  for  the  TRW  Cr-Ti-Si 
Coating  on  20  mil  C129Y 
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Mo. 

1 ft 

2ft 
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Raptor* 

>if  •  ■  ii 

2490 

4000 

1 

1 

0.25 

54.12 

... 

57.70 
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7.42 

46.45 

51.55 

52.  23 

2 

1 

9.12 

»  s  ^ 
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26.07 

2 

2 

0.17 

— 
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26.95 

2400 

7590 

l 

1 

0.11 

2.70 

40.02 

62.  52 

I 

2 

4.25 

33.92 

43.43 

43.80 

2 

1 

0.26 

20. 15 

23. 60 

27.  25 

2 

2 

0.07 

1.  43 

— 

28.25 

2400 

4000 

1 

1 

5.40 

24.  79 

34.  70 

38.  45 

1 

2 

4.65 

34.00 

47.00 

53. 62 

2 

1 

0.12 

14.21 

.8.65 

20.05 

2 

2 

0.04 

7. 16 

28.  32 

28.  32 

2600 

6000 

1 

1 

0.27 

5.  37 

9.53 

23.  08 
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3.72 

13.  99 

17.  47 

38.  46 

2 

1 

0.42 

8. 68 

17.  60 

23.46 

2 

2 

0.23 

6.44 

7.  50 

7.90 

2600 

750C 

j 

1 
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1 

2 
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2.45 
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1 
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3.49 
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9000 
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1 
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1.  17 
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6.55 

1 

2 

<3.  59 

1.38 
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4.25 
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5.  20 
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2 

2 
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6.  41 
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0.  53 

0.70 

2 

2 

0.  16 

0.  38 

C.  52 

0.  87 

NOTE:  Stress  value*  are  ba*ed  upon  original  substrate  thickne**. 

Percent  elongation  value*  are  ba»ed  upon  a  1-3/4"  gage  length.  They 
are  corrected  for  thermal  expansion  and  exclude  the  initial  elongation. 
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NOTE:  Street  valuet  ere  baaed  upon  original  tubttrate  thichneet. 

Percent  elongation  value*  are  baaed  upon  a  1-3/4"  gage  length.  They 
are  corrected  (or  thermal  expansion  and  exclude  the  Initial  elongation. 
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47.  52 

i 

4 

0.47 

2.41 

4.42 

74.81 

2 
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8.24 

2.  15 

3.75 

50.  70 

2 

2 

0,  14 

1.56 

3.  92 

42.  20 

> 

5 

ft.  20 

1.08 

2. 66 

4s.  50 

2 

4 

9.  SO 

1.42 

5.  74 

71.  34 

2400 

7600 

1 

2 

e.  15 

0.  78 

2.  19 

24,  55 

2 

1 

0.  3ft 

0.  93 

1.  72 

20.  47 

*400 

9090 

1 

1 

2.  13 

4.  34 

5.80 

18.  80 

1 

2 

1.  40 

2.  23 

3.  It 

12.63 

i 

3 

1.66 

4.  35 

6.  73 

35.56 

1 

4 

0.09 

0.  38 

0.  98 

14,  09 

2 

1 

0.  83 

2.  45 

3.  72 

15.  67 

2 

2 

0.  28 

0.  80 

1.  21 

4.  85 

2 

3 

0.  23 

0.  64 

l.  55 

11.40 

2 

4 

0.  19 

0.  87 

1.64 

12.  69 

2600 

6000 

l 

2 

0.  12 

0.  30 

0.  55 

5.  45 

2 

1 

0.  15 

0.  45 

0.  80 

6.  15 

2600 

7500 

1 

1 

0.  10 

0.  23 

0.  37 

2.  19 

2 

2 

0.  08 

0.  25 

0.  43 

2.  53 

2600 

9000 

1 

2 

0.  04 

0.  09 

0.  15 

1.25 

2 

1 

0.08 

0.  19 

0.  30 

1.82 

28CG 

6000 

1 

i 

0.  10 

0.  20 

0.  30 

1.82 

1 

2 

0.  70 

0.  17 

0.  26 

1.66 

1 

3 

0.  07 

0.  15 

0.  25 

1.76 

1 

4 

0.06 

0.  13 

0.21 

1.76 

2 

1 

G.  08 

0. 11 

0.  17 

1.28 

2 

2 

0.  05 

0.  12 

0.  18 

1.69 

2 

3 

0.05 

0.  14 

0.  23 

2.  19 

2 

4 

0.  08 

0.  18 

0,29 

1.99 

2800 

7500 

1 

l 

0.  05 

0.  11 

0.  17 

1.  06 

2 

2 

0.  03 

0.  05 

0.  07 

0.  37 

2800 

90C0 

1 

1 

0.  02 

0.  05 

0.  08 

0.  29 

1 

2 

0.  02 

0.  03 

0.  04 

0.  30 

1 

3 

0.  02 

0.  05 

0.  07 

0.  35 

1 

4 

0.  03 

0.  09 

0.  13 

0.  56 

2 

1 

0.  03 

0.  06 

0.  08 

0.  35 

2 

2 

0.  02 

0.  06 

0.  09 

0,  40 

2 

3 

0.  03 

0.05 

0.  08 

0.  27 

2 

4 

0.  02 

0.  04 

0.  06 

0.  31 

NOTE:  Stress  values  are  based  upon  original  substrate  thickness. 

Percent  elongation  values  are  based  upon  a  1-3/4”  gage  length.  They 
are  corrected  for  thermal  expansion  and  exclude  the  initial  elongation. 
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?>bl*  16.  Analysis  of  Variance  of  Craep  Rupture 


Significant  Inputs 

Data  for  Sylcor  {A§ 

Le  -el  of  Significance 

-Si-Al)  Coated  12  Mil  EM  3 

%  Contribution  to 
Variance  of  Failure  Time 

Temperature 

99V 

65.  08 

Stress 

99V 

2.  86 

Batch 

99V 

?.  33 

Temperature  x  Batch 

99V 

17.45 

Error 

-  - 

7.  27 

Table  17.  Analysis  of  Variance  of  Creep  Rupture 

Data  For  Sylcor  (Ag-Si-Al)  Coated  20  Mil  C129Y 


%  Contribution  tc 

Significant  Inputs  Level  of  Significance 

Variance  of  Failure  Time 

Temperature 

99V 

37.  13 

Stress 

99V 

22.  19 

Batch 

95V 

0.  09 

Machine 

95V 

0.  18 

Temperature  x  Stress 

99V 

38.63 

Temperature  x  Machine 

95V 

0.  36 

Temperature  x  Stress  x 

Machine 

95V 

0.68 

Stress  x  Machine 

95  V 

0.  33 

Error 

-- 

0.41 

Table  18.  Analysis  of  Variance  of  Creep  Rupture 

Data  for  TRW  (Cr-Ti-Si)  Coated  20  Mil  C129Y. 


Significant  Inputs  Level 

of  Significance 

%  Contribution 
Variance  of  Failure  Time 

Temperature 

99V 

45.  84 

Stress 

99V 

15.  65 

Batch 

95%+ 

0.  41 

Machine 

99V 

0.  78 

Temperature  x  Stress 

99%+ 

26.  92 

Temperature  x  Batch 

95%+ 

0.  82 

Temperature  x  Machine 

99%r 

00 

Stress  x  Machine 

99%+ 

2.  31 

Temperature  x  Stress  x 
Machine 

99V 

4.  71 

Error 

... 

1.  08 

\ 

.  - . . . ■— .  . .  j 

Tabl«  19.  Comparative  Creep  Rupture  Data  for  TRW  • 

tad  Sylcor  Coated  C129T 


Average  Time  (fere)  to  Specific  Creep  Levels 


Temp 

CT) 

Stress 

1% 

TRW  Sylcor 

2% 

TRW  Sylcor 

3* 

TRW  Sylcor 

Rupture 
TRW  Sylcor 

2400 

6000 

0.  24 

0.  13 

1.  55 

l.  25 

3.  69 

3.70 

53.  72 

37.  58 

7500 

0.  23 

0.31 

0.86 

1.  24 

1.96 

2.  77 

22,  51 

15.  93 

9000 

0.  88 

0.  16 

2.03 

0.  64 

3. 10 

1.33 

15.  74 

6.  15 

2600 

6000 

0.  14 

0.  05 

0.  38 

0.  16 

0.  68 

0.  26 

5.  80 

6.  13 

7500 

0.  09 

0.  13 

0.  24 

0.  36 

0.40 

0.  56 

2.  36 

2.  92 

9000 

0.  06 

0.  11 

0.  14 

0.  21 

0.  23 

0.  32 

1.  56 

1.  18 

2800 

6000 

0.  07 

0.  06 

0.  17 

0.  15 

0.  24 

0.24 

1.77 

1.  38 

7500 

0.  04 

0.  03 

0.  08 

0.  07 

0.  12 

0.  JO 

0.72 

0.  46 

9000 

0.  02 

0.  03 

0.05 

0.  06 

0.  08 

0.  08 

0.  34 

0.  29 

Rather  dramatic  differences  were  noted  in  the  creep-rupture  behavior 
of  the  two  alloys.  The  coated  D43  was  definitely  superior  to  both  C129Y  coating 
systems  in  creep  resistance  and  rupture  life  at  all  stress  levels  and  tempera* 
tures.  Although  no  data  for  the  uncoated  alloys  were  available  for  comparison, 
it  would  seem  unlikely  that  the  difference  in  behavior  between  the  two  Sylcor 
systems  (both  with  the  same  basic  coating)  could  be  attributed  entirely  to  coating 
effects.  It  is  more  probable  that  these  data  reflect  inherent  differences  in  the 
creep-rupture  properties  of  the  two  alloys. 

The  error  term  in  each  analysis,  which  in  effect  represented  the  com¬ 
bined  influence  of  all  uncontrolled  variables,  was  relatively  low.  Since  this 
term  includes  the  effect  of  specimen-to -specimen  variability,  it  can  be  concluded 
that  specimen  reproducibility  was  fairly  good  with  both  alloys. 

D43  Columbium  Alloy 

The  creep-rupture  behavior  of  the  Sylcor  coating  system  was  fairly 
uniform  at  2600 ®F  and  2800  *F,  and  regression  lines  were  fitted  to  the  data. 
However,  no  attempt  was  made  to  fit  curves  the  2400 *F  data  because  of  the 
wide  scatter. 

As  was  expected,  the  analysis  of  variance  revealed  temperature,  stress, 
and  the  temperature  x  stress  interaction  to  be  the  dominant  factors  in  the  exper¬ 
iment.  However,  batch  difference,  not  expected  to  be  important,  was  also  signif¬ 
icant,  appearing  as  a  main  effect  and  a  batch  x  temperature  interaction.  There 
is  little  doubt  that  the  batch  variations  of  the  Sylcor  Ag-Si-Al  coating  significapirfy 
affected  the  creep-rupture  behavior  of  D43  columbium. 
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Analysing  for  machine  difference  revealed  that  the  two  creep  frames 
were  identical  and  ia  no  way  exerted  any  influences  upon  the  creep-rupture 
evaluation. 


Cl 29  Columbian*  Alios 


Both  the  TRW  and  the  Sylccr  coating  systems  exhibited  rather  uniform 
creep-rupture  curves  at  2800 *F.  A  smooth  curve  was  also  developed  for  the 
TRW  coating  at  2600 *F,  whereas  the  Sylcor  data  at  2600 *F  were  very  erratic 
except  at  rupture.  However,  the  fact  that  only  two  tests  rather  than  eight  were 
performed  at  each  stress  level  could  be  partially  responsible.  At  2400  *F,  the 
Sylcor  test  data  were  fairly  uniform  at  3%  creep  and  rupture,  but  somewhat 
scattered  at  the  two  lower  creep  levels.  The  TRW  system  at  2400*F  demon¬ 
strated  widely  scattered  results  at  all  creep  levels. 


In  comparing  the  performances  of  both  coalings,  inconsistencies  in  the 
averaged  data  were  noted  {see  Table  19,  previous  page).  However,  most  of  this 
was  confined  to  the  2600 ®F  tests  at  all  stress  levels  and  the  7500  pai  tests  at 
the  other  temperatures.  These  were  the  levels  at  which  only  two  tests  were 
performed  at  each  stress -temperature  combination.  The  other  averages,  based 
upon  eight  tests,  indicated  that  the  TRW  coated  C129Y  consistently  outperformed 
the  Sylcor  system  with  respect  to  creep-rupture  life. 


Analyses  of  variance  for  their  rupture  behavior,  presented  in  Tables  17 
and  18,  showed  both  coating  systems  to  be  significantly  affected  by  temperature, 
stress,  and  the  temperature  x  stress  interaction.  These  three  factors  accounted 
for  a  total  of  97.  95%  of  the  total  variance  in  the  TRW  analysis  and  88.  41%  of  the 
total  variance  in  the  Sylcor  analysis.  Unlike  the  coated  D43  tests,  however,  these 
analyses  both  showed  statistically  significant  machine  and  batch  differences  as 
well  as  interactions  of  the  two  with  other  factors.  However,  in  each  case,  the 
total  contribution  of  these  factors  to  the  overall  variance  was  very  small,  and  it 
is  reasonable  to  assume  that  their  effect  on  the  evaluation  was  negligible. 


SUMMARY 


D43  COLUMBIUM  COATINGS 


Sylcor  Ag-Si-Al/D43 


The  Sylcor  Ag-Si-Al  slurry  coating  proved  to  be  extremely  oxidation 
resistant  at  all  test  temperatures  and  was  the  only  one  which  provided  protection 
at  3000  *F.  It  was  a  very  thick  and  nonuniform  coating,  not  typical  of  the  others 
evaluated  in  this  program.  However,  this  particular  system  could  present  a 
problem  in  applications  requiring  close  tolerances  on  mating  parts  such  as  threaded 
fasteners,  faying  surfaces,  etc. 
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Metallographic  analyse* ,  conducted  on  one  specimen  from  each  of  the 
two  12  mil  creep  ^rupture  batches  and  one  specimen  from  each  of  the  two  20  mil 
batches,  revealed  some  interesting  differences.  All  four  specimens  contained 
similar  2  mil  inner  coating  zones,  but  the  outer  zone  coverage  was  very  irreg¬ 
ular.  Thickness  measurements  of  other  specimens  not  metallographic&Uy 
analyzed  revealed  a  wide  range  of  coating  thicknesses  within  batches.  Therefore, 
it  is  suspected  that  coating  thickness  differences  were  a  specimen-to-specimen 
rather  than  a  batch -to -batch  phenomenon. 

In  oxidation  testing,  specimen  lives  appeared  to  correlate  directly  with 
average  thickness  at  most  test  temperatures.  For  instance,  at  2600*F,  where 
ten  specimens  from  each  batch  were  tested,  the  Phase  I  group  demonstrated  a 
life  ranging  from  63  to  155  hours,  whereas  the  thinner  Phase  II  set  ranged  from 
52  to  117  hours. 

There  was  no  apparent  batch  effect  with  regard  io  the  measured  mechan¬ 
ical  properties  of  this  coating  system.  Both  batches  exhibited  similar  mechanical 
properties,  maintaining  a  BTT  below  -50  *F  and  similar  losses  in  tensile  strength 
and  ductility,  none  severe  compared  to  the  other  coatings  tested. 

Creep-rupture  tests  of  this  coating  on  D43  revealed  statistically  significant 
batch  differences.  Batch  I  specimens  in  several  tests  exhibited  creep  and  rupture 
times  twice  those  of  Batch  II  specimens  tested  under  the  same  conditions. 

With  respect  to  the  other  coatings,  this  system  possessed  the  best  oxida¬ 
tion  resistance  at  all  temperatures  but  was  rather  poor  with  respect  to  reproduci¬ 
bility  of  coating  coverage  and  thickness  control.  In  mechanical  properties,  it 
ranked  among  the  best. 

TRW  Cr-Ti~Si/D43 


This  coating,  although  not  demonstrating  the  degree  of  protectiveness  of 
the  Sylcor  Ag-Si-Al  system,  performed  quite  well  when  compared  to  the  other 
coatings  tested  in  this  program.  Furthermore,  it  was  much  thinner  and  more 
uniform  than  the  Sylcor  coating,  which  could  be  a  distinct  advantage  in  certain 
applications.  One  liability  of  this  coating  was  its  poor  batch-to -batch  reproduci¬ 
bility. 


In  metallographic  analyses,  batches  were  similar  in  appearance  and 
hardness  measurements,  but  differed  slightly  in  thickness  (2.  0  to  1.  6  mils). 
This  thickness  difference  apparently  affected  room  temperature  mechanical 
properties  as  well  as  the  oxidation  performance  of  the  system. 

Both  batches  maintained  a  BTT  below  -50  *F,  but  the  thinner  coating 
demonstrated  approximately  10%  greater  strength  and  75%  greater  ductility  (as 
shown  by  ultimate  tensile  elongation). 
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As  expected,  the  thicker  coating  performed  better  in  cyclic  oxidation 
tests.  At  2400 *F,  the  only  temperature  where  comparison  could  be  made,  the 
thicker  coating  showed  a  mean  life  of  12?  hours  as  compared  to  74  hours  for 
the  thinner  one. 

It  is  apparent  that  this  coating  provided  good  oxidation  protection  and 
was  quite  uniform  and  reproducible  from  specimen  to  specimen  within  the  same 
batch.  However,  it  did  demonstrate  rather  severe  batch-tc-batch  differences 
which  grossly  affected  the  characteristics  of  the  coated  alloy. 


Other  D43  Coatings 

Among  the  other  four  coatings  evaluated  in  Phase  I  tests  (Pfaudler 
PFR-32,  LTV  Cr-B  Silicide,  Boeing  Oisil,  and  Chromizing  Durak  K A),  the 
Chromizing  and  Pfaudler  coatings  demonstrated  the  best  overall  mechanical 
properties  of  the  six  D43  coating  systems  evaluated,  but  both  ranked  last  in 
oxidation  resistance. 

The  LTV  coating  ranked  last  in  retention  of  mechanical  properties, 
but  ranked  below  only  the  Sylcor  and  TRW  systems  in  oxidation  protection  (con¬ 
sidering  all  test  temperatures)  and  was  quite  superior  to  these  other  three 
coatings. 


The  Boeing  Disil  system  ranked  fifth  in  oxidation  resistance  and  sixth 
in  overall  mechanical  properties  along  with  the  TRW  Phase  I  coating  system. 

C129Y  COLUMBIUM  COATINGS 

Wrought  rather  than  fully  annealed  sheet  was  used  in  the  evaluation  of 
coatings  for  C129Y.  Several  of  the  coating  processes  produced  partial  or  full 
annealing  of  the  base  metal  which  was  quite  evident  in  both  "as  coated"  metal¬ 
lography  and  in  tensile  testing.  This  presented  an  interesting,  but  quite  unin¬ 
tentional  opportunity  to  observe  how  each  of  the  coating  processes  affected  the 
heat  treatment  of  the  alloy.  Since  high  temperature  applications  of  this  alloy 
would  most  probably  involve  fully  recrystallized  sheet,  no  attempt  was  made 
to  rate  the  six  C129Y  coating  systems  with  respect  to  tensile  properties  after 
coating.  With  only  one  exception  (PFR-32),  changes  in  tensile  properties  after 
coating  were  directly  related  to  the  degree  of  substrate  recrystallization.  The 
PFR-32  coating  system  was  apparently  embrittled  during  coating  application. 


Sylcor  Ag-Si-Al/C129Y 

This  slurry  coating  on  C129Y  performed  similarly  to  the  same  system 
on  D43.  It  provided  good  protection  at  all  test  temperatures,  including  1000 
While  not  as  thick  or  as  nonuniform  as  the  D43  coating,  in  comparison  with  the 
five  silicides,  it  would  hardly  be  called  a  thm  coating. 
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MetxllograpMc  analyse*  of  "as  received"  specimens  of  the  two  batches 
showed  them  to  be  very  similar  both  in  appearance  and  in  average  coating  thick¬ 
ness,  but  of  slightly  different  hardness  values. 

la  oxidation  testing,  the  Phase  I  batch  outperformed  the  Phase  13  set  at 
2400*F  (average  failure  times  were  91  and  64  hours  respectively).  At  2600  *F, 
the  Phase  I  batch  averaged  113  hours  to  failure,  the  Phase  Q  batch  39  hours. 

It  should  be  noted  that  the  Phase  1  average  failure  time  was  greater  at  2600 *F 
than  at  2400  *F. 

The  two  batches  revealed  similar  mechanical  properties.  Both  main¬ 
tained  a  BTT  below  -50  *F,  as  the  uncoated  C129Y  had  done.  While  the  ultimate 
strength  and  elongation  values  were  not  appreciably  different,  the  average  yield 
strength  of  the  Phase  I  batch  was  approximately  12%  greater  than  the  Phase  n 
specimens. 

Creep-rupture  testing  revealed  statistically  significant  batch  differences 
on  the  creep  resistance  and  rupture  life  of  this  coating.  However,  these  differ¬ 
ences  were  very  slight  and,  for  ail  practical  purposes,  could  be  neglected. 

The  Sylcor  Ag-Si-Al  slurry  coating  demonstrated  very  good  oxidation 
protection  compared  to  most  of  the  other  coatings,  although  its  oxidation  resis¬ 
tance  varied  greatly  from  batch  to  batch.  This  coating  did  not  appear  to  appre¬ 
ciably  affect  the  mechanical  properties  of  the  substrate.  The  main  deficiencies 
of  this  coating  are  its  ..hickness  and  irregularity  of  coverage,  as  well  as  the 
aforementioned  batch  variation  in  oxidation  resistance. 


TRW  Cr-Ti-Si/Ci29Y 

This  coating  was  very  similar  to  the  TRW  coating  on  D43.  While  not 
protective  at  3000  *F,  it  demonstrated  good  oxidation  protection  at  all  other  test 
temperatures  and  ranked  close  to  the  Sylcor  coating  in  this  respect,  while  being 
much  Miinner  and  more  uniform.  Furthermore,  it  showed  more  batch  consistency 
in  performance  even  though  the  physical  appearance  of  the  two  batches  suggested 
significant  batch  differences. 

In  metallographic  analyses,  the  two  batches  were  similar  with  respect 
to  microhardness,  but  exhibited  some  difference  in  coating  thickness  (2.  1  and 
1.  6  rmls),  just  as  the  IRW/D43  coating  had  shown.  The  two  batches  were  quite 
different  in  appearance,  the  Phase  U  coating  was  much  darker  and  contained 
only  one  distinct  layer,  whereas  the  Phase  I  coating  contained  two  visible  layers. 

T  tu  two  f  RW  batches  yielded  similar  mechanical  property  data.  Both 
exhibited  &  BIT  below  ami  had  similar  strength  and  ultimate  elongation 


In  oxidation  testing  at  2600  *F,  where  sufficient  specimens  were  tested 
to  make  a  statistical  comparison,  both  batches  were  found  to  represent  the  same 
population.  | 

The  TRW  coating  demonstrated  better  creep  resistance  and  rupture  life  j 

than  the  Sylcor  system,  with  lives  averaging  about  1-1/2  times  that  of  the  slurry  i 

coating.  Some  small  statistical  batch  variations  were  noted  in  creep  and  rupture 
performance,  but  the  magnitude  of  these  variations  was  small. 

The  TRW  coating  on  C129Y  proved  to  be  a  fairly  reproducible  and  uniform  j 

coating  which  provided  good  oxidation  protection.  j 

| 

Other  C129Y  Coatings 

f 

As  in  the  D43  coatings'  evaluation,  the  other  four  coatings  evaluated  in 
Phase  I  tests  only  were:  Pfaudler  PFR-32,  LTV  Cr-B  Silicide,  Boeing  Disil, 
and  Chromizing  Ourak  KA. 

Like  the  D43  coatings,  the  Pfaudler  and  Chromizing  coatings  demonstrated 
some  substrate  embrittlement  through  an  increase  in  bend  transition  temperature, 
but  the  remaining  two  (LTV  and  Boeing)  retained  their  ductility  to  -50  *F. 

In  overall  oxidation  resistance,  the  LTV  coating  ranked  last,  whereas, 
in  the  D43  evaluation,  it  had  ranked  just  behind  the  Sylcor  and  TRW  systems.  The 
Chromizing  coating  demonstrated  much  better  oxidation  protection  on  C129Y  than 
on  D43  and  ranked  third  in  this  test  series. 

DISCUSSION  OF  COATING  RATINGS 

Table  20  lists  the  relative  order  of  performance  for  the  best  effort  coatings 
evaluated  in  this  program.  Ratings  were  established  for  the  three  major  areas 
investigated:  retained  mechanical  properties,  oxidation  resistance,  and  creep- 
rupture  behavior.  These  ratings  are  based  upon  simple  tests  and  should  not  be 
considered  absolute  for  any  refractory  metal  applications.  They  reflect  the  per¬ 
sonal  judgement  of  the  authors  and  are  presented  only  as  a  guide  for  selection  of 
candidate  coatings. 

Since  the  performance  of  individual  coatings  has  been  summarized  else¬ 
where,  this  section  will  be  devoted  to  a  general  discussion  of  testing  methods  and 
an  interpretation  of  test  results. 

Since  cyclic  oxidation  testing  was  emphasized  in  this  program,  it  is 
appropriate  to  devote  a  major  portion  of  this  discussion  to  the  advantages  and 
disadvantages  of  this  test.  It  is  recognized  that  the  cyclic  oxidation  test  as  per¬ 
formed  in  this  program  is  not  perfect  and  that  there  are  other  effective  approaches 
to  measuring  the  oxidation  protection  of  coatings. 
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Table  20.  Coating  Performance  Ratings 

Mechanical  Properties 

Rank  D43  Columbium 

1  Pfaudler  PFR-32 

1  Chromizing  Durak  K  A 

3  Sylcor  Ag-Si-Al  Phase  1 

3  Sylcor  Ag-Si-Al  Phase  n 

5  LTV  Cr-B  Modified  Silicide 

6  TRW  Cr-Ti-Si  Phase  II 

7  TRW  Cr-Ti-Si  Phase  I 

7  Boeing  Disil 


Oxidation  Resistance 


Rank 

D43  Columbium 

Rank 

C129Y  Columbium 

1 

Sylcor  Ag-Si-Al  Phase  I 

1 

Sylcor  Ag-Si-Al  Phase  ! 

2 

Sylcor  Ag-Si-Al  Phase  II 

2 

Sylcor  Ag-Si-Al  Phase  : 

3 

TRW  Cr-Ti-Si  Phase  I 

3 

TRW  Cr-Ti-Si  Phase  II 

4 

TRW  Cr-Ti-Si  Phase  II 

4 

TRW  Cr-Ti-Si  Phase  I 

5 

LTV  Cr-B  Modified  Silicide 

5 

Chromizing  Durak  KA 

6 

Boeing  Disil 

6 

Pfaudler  PFR-32 

7 

Pfaudler  PFR-32 

7 

Boeing  Disil 

8 

Chromizing  Durak  KA 

8 

LTV  Cr-B  Modified 
Silicide 

Creep  Resistance 
(C129Y  Columbium) 


Rank 

2400  *F 

2800  'F 

1 

TRW  Cr-Ti-Si 

TRW  Cr-Ti-Si 

2 

Sylcor  Ag-Si-Al  Sylcor  Ag-Si-Al 

Creep  Rupture  Life 

(C12  9Y  Columbium) 

Rank  2400  *F  2800  C.F 

1  TRW  Cr-Ti-Si  TRW  Cr-Ti-Si 

2  Sylcor  Ag-Si-Al  Sylcor  Ag-Si-Al 


The  use  of  Weibull  analysis  in  the  treatment  of  cyclic  oxidation  test  data 
provided  a  better  understanding  of  the  coating  failure  processes.  However,  with 
only  ten  to  twenty  tests  per  coating  system,  the  overall  sensitivity  of  the  experi¬ 
ment  was  low.  It  would  seem  that  an  increase  in  the  minimum  number  of  speci¬ 
mens  tc  twenty-five  would  provide  a  much  more  reliable  analysis. 

The  coated  columbium  specimens  were  considered  failed  in  cyclic 
oxidation  when  a  major  coating  rupture  became  evident  from  an  accumulation 
of  oxide  on  the  specimen  surface.  It  is  possible  that,  in  some  cases,  diffusion 
of  oxygen  through  the  coating  and  into  the  base  metal  occurred  before  there 
was  visual  evidence  of  substrate  oxidation.  Leakage  of  oxygen  and  the  extreme 
embrittlement  and  loss  of  strength  which  accompany  such  oxygen  contamination 
could  seriously  compromise  the  structural  capability  of  a  columbium  alloy. 

If  the  visual  inspection  of  cyclic  oxicL,  ion  specimens  had  been  augmented 
with  bend  testing  and  metallographic  examination,  a  drastic  revision  in  the  rela¬ 
tive  order  in  which  these  systems  were  rated  could  have  resulted.  Present 
systems  for  evaluating  oxygen  contamination  by  these  two  methods  necessarily 
involve  destruction  of  the  specimens  and  do  not  lend  themselves  readily  to  the 
present  scheme  of  testing.  Future  coating  evaluations  should  probably  include 
a  series  of  expendable  specimens  to  be  tested  concurrently  with  the  cyclic  oxi¬ 
dation  tabs.  These  expendable  specimens  would  be  removed  from  test  at 
specified  intervals,  bend-tested,  and  metallographically  examined  to  measure 
any  time -dependent  changes  in  the  coating  and  base  metal. 

The  step-down  oxidation  test  proposed  by  the  Materials  Advisory  Board 
(Reference  1)  can  provide  useful  information  regarding  the  sensitivity  of  coatings 
to  slow  thermal  cycling.  To  illustrate  this,  tests  were  conducted  on  a  group  of 
B66  columbium  coatings  including:  Boeing  Disil,  Pfaudler  PFR-32,  Sylcor  Cr- 
Ti-Si,  and  Chromizing  Durak  KA.  They  consisted  of  a  series  of  cyclic  exposures 
in  three  decreasing  temperature  steps  with  examination  of  specimens  at  the  end 
of  each  three -temperature  cycle.  Three  furnaces  operating  at  2600*,  2200  \  and 
1400 °F  were  employed.  Starting  at  2600  *F,  specimens  were  subjected  to  30- 
minute  exposures  at  decreasing  increments  of  temperature  by  quickly  transferring 
specimens  from  one  furnace  to  another  at  the  end  of  each  30-minute  period.  Spec¬ 
imens  were  subjected  to  a  maximum  of  five  cycles,  with  visual  examination  and 
weighings  between  cycles. 

The  results,  summarized  in  Table  21,  were  rather  interesting.  Varying 
degrees  or  performance  were  observed  among  the  four  coating  systems,  and  only 
the  Boeing  Disil  survived  five  full  thermal  cycles.  Three  of  the  coatings  demon¬ 
strated  very  poor  resistance  to  this  type  of  thermal  cycling,  including  the  Sylcor 
system,  which  had  exhibited  outstanding  protection  in  conventional  cyclic  oxidation 
tests  (Reference  2).  It  appears  that  further  evaluation  of  this  technique  should 
continue  with  similar  testing  of  other  coated  columbium  base  alloys. 
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Table  21,  Results  of  Step-Down  Oxidation  Tests 
on  Coated  B66  Columbium 


Coating 

No. 

Cycles 

Remarks 

Boeing  (Disil) 

X 

5  (No  Failure) 

First  cycle  crazing  with  forma¬ 

2 

5  (No  Failure) 

tion  of  a  buff  oxide  in  the  cracks 

3 

5  (No  Failure) 

Pfaudler  (PFR-32) 

1 

Kc) 

Crazing  and  spotty  oxide  which 

2 

3(e) 

spalled,  exposing  the  substrate 

3 

2(e) 

Sylcor  (Ti-Cr-Si) 

1 

2(e) 

Green  after  first  cycle 

2 

2(e) 

3 

4(e) 

Chromizing 

1 

2(c) 

75%  coverage  with  buff  oxide  after 

2 

1(c) 

first  cycle 

3 

2(c) 

NOTE:  Letters  in  parentheses  refer  to  failure  location;  i.  e.  ,  e  =  edge, 
s  =  surface,  c  =  catastrophic. 


The  addition  of  a  low  pressure  oxidation  testing  capability  also  appears 
to  be  desirable  for  a  balanced  program  which  can  provide  basic  information 
necessary  to  select  candidate  coatings  for  a  variety  of  applications.  Such  a  fur¬ 
nace,  capable  of  rapidly  processing  large  groups  of  specimens,  is  presently 
being  constructed. 

To  obtain  performance  data  on  a  maximum  number  of  coatings  within 
the  time  allotted  for  this  program,  the  practice  of  testing  in  two  separate  phases 
was  followed.  It  was  intended  that  two  coatings  from  an  initial  group  of  six  would 
be  selected  from  Phase  I  screening  tests  for  a  more  comprehensive  evaluation 
in  the  second  phase  of  the  program.  This  selection  was  to  be  based  upon  retained 
mechanical  properties  arid  demonstrated  oxidation  resistance.  In  reality,  re¬ 
tained  mechanical  properties  played  a  minor  role  in  coating  selection,  and  primary 
emphasis  centered  about  oxidation  behavior. 

Since  the  oxidation  test  was  an  arbitrarily  defined  procedure,  it  is  con¬ 
ceivable  that  coatings'  systems  of  potential  merit  with  superior  batch-to-batch 
reproducibility  and  creep-rupture  properties  were  screened  from  the  program. 

It  would  have  been  very  desirable  to  carry  every  coating  through  the  entire  eval¬ 
uation;  however,  as  was  previously  noted,  this  was  not  possible  due  to  time 
limitations. 
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The  hazard  of  using  only  one  performance  criterion,  such  as  cyclic 
oxidation  life,  for  the  screening  of  coatings  was  illustrated  by  the  results 
obtained  in  creep-rupture  tests  of  the  systems  rated  first  and  second  in  the 
Phase  I  evaluation.  The  Sylcor  Ag-Si-Al  coated  C129Y  was  definitely  superior 
to  the  TRW  Cr-Ti-Si  coated  C129Y  in  cyclic  oxidation  resistance,  and  yet  the 
TRW  system  was  noticeably  better  in  creep  resistance  and  rupture  life.  In  the 
creep-rupture  tests,  very  clean  specimen  breaks  were  obtained  with  both  coating 
systems,  and  there  was  a  minimum  of  oxidation  in  these  regions.  This  would 
suggest  that  factors  other  than  pure  oxidation  resistance  (such  as  reactivity 
between  the  coating  and  the  base  metal  at  elevated  temperatures  and  substrate 
changes  produced  by  the  coating  process)  controlled  the  creep-rupture  behavior 
of  these  two  systems. 

Another  example  of  conflicting  test  results  was  observed  between  cyclic 
oxidation  and  step-down  oxidation  test  results.  In  this  case,  the  Sylcor  Ti-Cr-Si 
coating  on  B66  averaged  88  hours  to  failure  in  2600  “F  cyclic  oxidation  tests. 

This  same  system  failed  in  2  to  4  cycles  of  a  step-down  oxidation  test  where 
the  total  exposure  time  in  each  cycle  was  1-1/2  hours  divided  equally  among 
three  temperatures,  1400*,  2200“,  and  2600  ®F. 

The  different  ordering  of  results  for  creep-rupture,  cyclic  oxidation, 
and  step-down  oxidation  tests  illustrates  an  important  consideration  that  must 
be  foremost  in  the  minds  of  those  who  interpret  laboratories'  evaluation  data  to 
select  candidate  coatinps  for  a  specific  application.  No  coating  system  presently 
available  excells  in  ai*  categories  of  performance,  and,  therefore,  the  environ¬ 
mental  parameters  associated  with  the  ultimate  use  of  such  coatings  must  be 
considered  in  weighing  the  relative  importance  of  performance  indices  measured 
in  these  tests.  Furthermore,  since  many  of  these  tests  were  arbitrarily  defined, 
there  may  not  be  close  similarity  between  the  test  environment  and  the  ultimate 
use  environment.  When  this  is  the  case,  extreme  caution  must  be  exercised  in 
the  analysis  of  screening  data,  and  final  coating  selection  should  be  based  upon 
tests  which  specifically  simulate  the  final  application. 


RECOMMENDATIONS 

The  following  recommendations  seem  appropriate  for  the  continuation 
of  this  effort  in  a  balanced  program  which  provides  basic  information  necessary 
for  the  selection  of  candidate  coatings  for  current  and  advanced  refractory  metal 
applications. 

1.  The  step-down  oxidation  test  recommended  by  the  Materials  Advisory 
Board  has  merit  and  should  be  included,  in  addition  to  conventional  cyclic  oxida¬ 
tion  testing.  Furthermore,  a  continued  close  cooperation  with  the  MAB  ohould 

be  maintained  in  adding  new  tests  or  changing  current  techniques. 

2.  Low  pressure  oxidation  testing  should  be  added  to  the  program  as 
quickly  as  possible. 
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3.  No  candidate  coating  should  be  omitted  from  Phase  21  testing  unless 
Phase  I  tests  reveal  it  to  be  grossly  inadequate.  If  reasonable  performance  is 
obtained  in  preliminary  tests,  a  full  evaluation  should  follow. 

4.  The  Weibull  analysis  of  cyclic  oxidation  tests  should  be  continued, 
but  the  number  of  specimens  per  batch  should  be  increased  to  improve  the  sen¬ 
sitivity  of  the  test.  Furthermore,  improved  techniques  for  identification  of 
oxioation  failures  should  be  devised. 

5.  In  creep-rupture  testing,  tests  at  mid-level  stress  and  temperature 
combinations  should  be  conducted  only  in  sufficient  quantity  to  provide  interme¬ 
diate  points  for  the  preparation  of  creep-rupture  diagrams.  The  full  factorial 
testing  should  concentrate  on  replicated  experiments  at  two  levels  of  temperature 
and  stress. 

6.  Emphasis  should  be  shifted  from  sheet  metal  structural  applications 
to  other  refractory  metal  uses,  including  propulsion  systems.  Tests  should  be 
added  and  modified  as  necessary  to  reflect  any  such  change  in  emphasis. 


SECTION  II  ARC -PLASMA- JET  TESTING 


INTRODUCTION 

In  May,  1959,  a  subcommittee  of  the  Refractory  Composites  Working 
Group  issued  a  tentative  screening  test  procedure  for  the  preliminary  evaluation 
of  high  temperature  materials  (Ref.  6).  This  proposed  test  was  intended  to 
serve  as  a  standard  screening  criterion  and  was  designed  for  simplicity  and 
economy.  A  nitrogen  stabilized  arc  plasma  jet  modified  to  deliver  a  1/2"  diam¬ 
eter  effluent  of  high-temperature  similated  air  was  proposed  as  the  testing  device. 
Environmental  levels  were  to  be  controlled  as  a  function  of  cold  wall  heat  flux 
measured  by  a  standard  1/2"  diameter  flat  face  water-cooled  copper  calorimeter. 
Standard  test  conditions  were  100,  300,  and  500  Btu/ft2  sec  with  exposure  times 
adjusted  such  that  the  product  of  heat  flux  and  exposure  time  always  equalled  a 
total  heat  pulse  of  12,  000  Btu/ft2  sec.  The  test  specimen  was  »  2"  x  2"  x  1/2" 
flat  plate,  oriented  at  a  45*  angle  to  the  subsonic  discharge  of  the  plasma  stream. 

Arc-plasma-jet  screening  tests  performed  by  the  University  of  Dayton 
were  patterned  after  the  procedures  recommended  by  the  Working  Group.  Minor 
changes  were  made  where  it  was  believed  such  changes  would  result  in  more 
meaningful  test  data. 


EVALUATION  PROCEDURES 

In  routine  arc -plasma  evaluations,  test  conditions  are  specified  in  terms 
of  cold  wall  heat  flux  and  stagnation  pressure.  These  effluent  properties  are 
measured  at  the  specimen  location  with  a  combined  pitot  tube -calorimeter  probe 
(Figure  39).  In  this  instrument,  the  calorimeter  portion  is  a  1/2"  diameter  copper 
tube  sealed  at  one  end  by  a  flat  disc.  Heat  flux  to  this  calorimeter  is  measured 
as  a  function  of  the  rate  of  heat  energy  transfer  through  this  disc  to  water  circu¬ 
lating  through  the  calorimeter  body.  The  pitot  tube  orifice  is  located  in  the  water- 
cooled  guard  ring  of  the  probe,  directly  below  the  centerline  orifice  of  the  calori¬ 
meter  face.  To  obtain  a  pressure  measurement,  the  calorimeter  portion  of  the 
probe  assembly  is  centered  in  the  flow  and  then  the  entire  probe  lifted  a  preset 
distance  by  a  mechanical  lever  to  position  the  pitot  tube  orifice  in  the  center  of 
the  plasma  discharge. 

The  procedure  'or  performing  these  screening  tests  was  as  follows:  prior 
to  exposure  of  a  test  specimen,  test  conditions  were  determined  from  measure¬ 
ments  of 


(a)  nitrogen  and  oxygen  flow  rate, 

(b)  input  power  to  the  plasma  jet, 

(c)  power  losses  to  the  coolant, 

(d)  heat  flux  at  the  sample  location, 

(e)  stagnation  pressure  at  the  sample  location. 
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Figure  39.  Combined  Calorimeter  and  Pitot  Tube 
Assembly 

From  these  measured  values  were  calculated: 

(a)  effluent  velocity  at  the  sample, 

(b)  effluent  enthalpy  at  the  exit  plane  of  the  plasma -jet, 

(c)  effluent  temperature  at  .he  exit  plane  of  the  plasma-jet. 

Following  the  calibration  procedure,  the  specimens  which  had  previously  been 
weighed  and  measured  were  inserted  into  the  plasma  stream  for  test.  During 
exposure,  front  and  back  surface  temperatures  were  continuously  recorded  as 
a  function  of  time.  Front  surface  temperature  was  also  monitored  periodically 
with  an  optical  pyrometer. 

Immediately  after  teat,  the  calibration  procedure  was  repeated  as  a 
recheck  of  the  initial  test  conditions.  Samples  were  photographed  and  the  fol¬ 
lowing  physical  measurements  taken:  depth  and  volume  of  erosion,  density, 
and  weight.  Details  of  the  calibration,  test  and  sample  measurement  procedures 
are  described  in  Refs.  7,  8,  and  9. 

Several  special  tests  which  depart  from  the  "standard”  procedure  des¬ 
cribed  above  have  evolved  to  meet  the  requirements  of  different  specimen  geometry 
or  when  a  more  sophisticated  evaluation  is  desired.  Two  such  tests  are  described 
in  subsequent  sections  of  this  report. 
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TEST  RESULTS 


The  results  of  "  standard"  screening  tests  are  described  for  several 
classes  of  materials  and  include  a  brief  discussion  of  the  test  method  employed. 
For  those  materials  which  were  proprietary,  only  a  general  description  of  the 
material  will  be  presented,  and  any  reference  to  their  manufacturer  will  be  by 
code  letter  only. 

The  majority  of  test  data  is  tabulated  in  a  standard  form  describing 
test  conditions  and  their  effects  upon  the  sample.  Supplementing  these  data  are 
front  and  back  surface  temperature -time  histories  for  each  specimen.  The 
final  front  surface  temperature  reported  in  the  tables  will  be  optical  pyrometer 
temperature  and  will  generally  not  correspond  with  the  recorded  total  radiation 
temperature  because  of  emittance  effects. 

Unless  otherwise  noted,  all  tests  were  conducted  in  a  simulated  air 
environment  at  a  mass  flow  rate  of  0.  0082  lb/ sec. 


IMPREGNATED  POROUS  CERAMICS 

Resin-impregnated  porous  ceramics  have  been  proposed  for  use  in 
certain  high  temperature  applications  where,  in  addition  to  being  insulative  and 
capable  of  providing  thermal  protection,  the  material  must  have  a  high  strength 
to  weight  ratio  and  be  resistant  to  erosion  and  thermal  shock.  Composites  of 
this  type  include  the  resin-impregnated  open -cell  foamed  refractory  ceramics. 

A  number  of  foamed  ceramics  were  evaluated  in  the  arc -plasma  facility. 
These  tests  were  conducted  at  a  heat  flux  level  of  275  Btu/ft2  sec  for  a  scheduled 
300-second  exposure.  Tests  were  terminated  earlier  only  if  erosion  proceeded 
to  the  extent  that  back  surface  temperatures  reached  excessive  values  (2000*  to 
2800 *F).  The  heat  flux  level  for  these  tests  was  selected  so  that  the  equilibrium 
temperature  of  the  ceramic  would  not  exceed  the  melting  point  of  the  ceramic 
matrix  but  would  impose  a  thermal  loading  sufficient  to  decompose  the  ablative 
impregnant  and  damage  any  system  sensitive  to  thermal  shock. 

In  analyzing  these  test  data,  the  significant  parameters  were  test  duration, 
erosion  depth,  and  back  surface  temperature.  Weight  and  volume  loss  measure¬ 
ments  were  useful  only  if  no  erosion  of  the  ceramic  occurred,  and  then  only  to 
estimate  the  amount  of  impregnant  lost  during  test.  Since  some  of  these  specimens 
did  experience  erosion,  the  performance  indices  of  erosion  volume  and  weight  loss 
should  be  treated  in  a  very  qualitative  sense  in  this  evaluation. 


MANUFACTURER  I 

Twelve  specimens  of  foamed  zirconia  and  three  densities  (1.  0,  1.1,  and 
1.  24  gm/cc)  were  evaluated  at  275  Btu/ft2  sec  for  300-second  exposures  according 
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to  the  general  procedures  described  in  the  preceding  section.  Half  of  the 
specimens  (two  of  each  density)  were  phenolic  resin-impregnated  with  approx¬ 
imately  30  to  40  w/o  resin.  Duplicate  tests  were  then  performed  on  each  foam 
density,  two  unfilled  and  two  with  phenolic  resin  impregnant. 

The  ceramics  were  resin-impregnated  in  a  bell  jar  apparatus  by  im¬ 
mersing  the  specimen  in  SC1008  phenolic  resin  and  then  evacuating  the  bell  jar 
to  force  the  resin  into  the  pores  of  the  ceramic.  When  air  bubbles  ceased  to 
issue  from  the  specimen,  it  was  removed  from  the  chamber,  cured  for  16  hours 
at  165*F,  followed  by  4  hours  at  200  *F,  and  then  machined  to  size. 

The  results  of  these  tests  and  the  corresponding  temperature -time 
histories  are  summarized  in  Tables  22  and  23. 

The  performance  of  the  unfilled  foams  was  rather  impressive.  Unlike 
previously  evaluated  unfilled  foamed  zirconia  specimens  which  failed  in  thermal 
shock  after  a  few  seconds  of  heating  (Ref.  14)  these  specimens  all  survived  a 
full  300-second  exposure.  Thermal  stress  cracking  was  observed  with  both  of 
the  two  low  density  specimens  and  one  each  of  the  medium  and  high  density  speci¬ 
mens.  These  failures  were  evident  from  the  back  surface  temperature  behavior 
which  either  stabilized  at  a  higher  level  or  increased  abruptly  at  the  time  of 
thermal  stress  cracking  as  the  result  of  hot  gas  flow  through  the  specimen.  De¬ 
spite  these  cracking  failures,  attrition  of  material  was  only  minor  and  in  no 
instance  did  weight  loss  exceed  2%.  Front  surface  temperatures  of  the  unfilled 
foams  stabilized  at  approximately  4200 *F.  Back  surface  temperature  levels 
were  inversely  proportional  to  foam  density  and  ranged  from  1000  *F  to  2360 *F. 

The  phenolic  resin-impregnated  specimens  experienced  no  measurable 
erosion,  nor  was  there  any  evidence  of  thermal  stress  cracking.  Back  surface 
temperatures  remained  at  room  temperature  for  the  first  75  seconds  of  test,  and 
then  began  to  rise  slowly.  After  125  seconds,  when  resin  ablation  was  nearing 
completion,  the  influence  of  density  upon  thermal  insulating  ability  was  discernible. 
The  low  and  medium  density  foams  followed  nearly  the  same  back  surface  tem¬ 
perature  profile.  The  high  density  foam  remained  at  a  lower  back  surface  tem¬ 
perature  throughout  each  test. 

Final  specimen  temperatures  of  the  impregnated  samples,  both  front 
and  back  surface,  followed  the  same  relative  order,  with  the  low  density  foam 
the  highest  and  the  high  density  foam  the  lowest. 


MANUFACTURER  UT 

Two  samples  of  a  chemically  bonded  zirconia  foam  which  had  been  phenolic 
resin-impregnated  by  the  manufacturer  were  also  evaluated  at  a  275  Btu/ft2  sec 
heat  flux.  The  results  of  these  tests  are  presented  in  Table  24  along  with  their 
corresponding  temperature -time  histories. 
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Specimen*  Impregnated  with  Phenolic  Re»in 


Table  23.  Test  Conditions  and  Results  for  Manufacturer  I  Foamed  ZrOj  Specimens 
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The  pattern  of  eroeion  of  these  samples  differed  greatly  from  that  of 
other  impregnated  ceramic  foams.  Normally,  materials  of  this  type  experience 
thermal  decomposition  of  the  impregnant,  often  with  no  erosion  of  the  ceramic 
matrix.  However,  the  UT  materials  sustained  severe  erosion  with  burnthrough 
occurring  in  less  than  120  seconds.  Unlike  other  foamed  materials  which  "burn 
clean,  "  leaving  a  structurally  intact  ceramic,  these  specimens  were  heavily 
charred  and  quite  friable  after  exposure. 

Beneath  the  char  layer  {which  was  approximately  1/4"  thick),  the  ma¬ 
terial  was  virtually  unaffected,  the  only  physical  change  being  a  slight  discol¬ 
oration  of  the  resin  impregnant. 

Because  of  the  unusual  behavior  of  these  materials,  static  furnace 
teats  at  several  temperatures  ranging  from  550 *F  to  2900 *F  were  conducted 
on  small  samples  of  this  foam  in  an  attempt  to  identify  the  mode  of  thermal 
degradation. 

In  these  furnace  tests,  severe  swelling  of  the  specimens  was  noted 
at  all  temperatures,  and  at  2900 *F,  where  complete  pyrolysis  of  the  phenolic 
resin  and  subsequent  oxidation  of  the  char  occurred,  the  zirconia  foam  structure 
was  completely  destroyed.  At  the  lower  temperatures,  exposure  times  were 
not  sufficient  to  cause  a  complete  removal  of  the  resin,  and,  while  these  speci¬ 
mens  were  in  various  stages  of  degradation,  in  every  instance  there  was  struc¬ 
tural  damage  in  the  outer  regions  of  the  foam  matrix. 

Long' term  furnace  testa  were  then  conducted  at  1000*F  and  2000  *F. 

At  both  temperature  levels,  the  ceramic  matrix  structure  was  completely  de¬ 
stroyed.  The  only  notable  difference  in  the  results  of  the  1000  #F  and  2000  *F 
tests  was  the  color  of  the  remaining  ceramic.  At  2000  *F,  the  residual  crramj, 
had  the  characteristic  buff  color  of  zirconia,  while  the  ceramic  residue  from 
the  1000*F  test  was  grey  in  color.  N.  attempt  was  made  to  identify  the  exact 
composition  of  the  remaining  ceramic  from  either  test. 

It  was  tentatively  concluded  that  the  zirconia  foam  was  structurally 
damaged  either  during  the  filling  and  curing  of  the  specimens  or  during  thermal 
decomposition  of  the  resin.  In  either  case,  the  foam  was  unable  to  maintain  us 
integrity  at  elevated  temperatures.  This  would  explain  the  unusually  poor  per¬ 
formance  of  this  composite  in  the  arc -plasma -jet  tests. 


ABLATIVE  COMPOSITES 

The  standard  screening  test  proposed  by  the  Refractory  Composites 
Working  Group  is  well  suited  for  the  evaluation  of  ablative  materials.  It  affords 
an  excellent  opportunity  to  evaluate  thermomechanical  stability,  erosion  resis¬ 
tance,  and  thermal  insulating  ability.  It  should  be  noted,  however,  tnat  small 
arc -plasma -jets  such  as  employed  in  the  program  do  not  produce  the  high  mass 
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flows  and  stagnation  pressures  associated  with  most  ablative  material  applica- 
tions.  It  is  likely,  therefore,  that  some  materials  that  would  be  acceptable 
because  of  a  marginally  weak  char  structure  or  a  tendency  to  form  a  low  vis¬ 
cosity  surface-melt  could  demonstrate  good  performance  in  the  less  severe 
environment  produced  in  the  plasma -jet  facility. 


MANUFACTURER  ASD 

Samples  of  a  gelatin  molding  compound  supplied  by  the  AF  Materials 
Laboratory  were  exposed  at  three  heat  flux  levels,  100,  500,  and  1000  Btu/ft2  sec, 
for  the  times  sufficient  to  produce  complete  specimen  penetration. 

This  material  eroded  rapidly,  forming  a  thin,  soft  char  at  all  three 
heat  flux  levels,  although  the  front  surface  temperatures  remained  below  the 
lower  limit  of  the  total  radiation  pyrometers  (1380  *F).  Burnthrough  occurred 
in  56,  27,  and  20  seconds  at  the  respective  heat  fluxes  of  100,  500,  and  1000 
Btu/ft2  sec  (Table  25). 

Although  the  erosion  rate  was  very  high,  these  samples  experienced 
virtually  no  back  surface  temperature  rise  until  immediately  prior  to  specimen 
burnthrough. 


MANUFACTURER  CT 

Four  samples  of  a  phenolic /quartz  cloth  'aminate  were  submitted  for 
evaluation  at  40,  150,  500,  and  1000  Btu/ft2  sec.  The  samples  tested  at  40  ancl 
150  Btu/ft2  sec  were  approximately  50  mils  thick,  while  those  evaluated  at  500 
and  1000  Btu/ft2  sec  were  3/8”  thick.  In  addition  to  these,  two  1/4”  thick  samples, 
consisting  of  a  3/16”  phenolic /(quartz  cloth  laminate  topped  with  a  1/16”  layer  of 
phenolic /graphite  cloth,  were  evaluated  at  100  and  1000  Btu/ft2  sec.  All  six 
specimens  were  bonded  to  1/8"  Inconel  X  plates.  The  results  of  these  tests  are 
summarized  in  Tables  26,  27,  and  28. 

The  50  mil  phenolic/quartz  cloth  laminates  experienced  no  appreciable 
lin?ar  erosion  at  the  two  lower  heat  flux  levels  (40  and  150  Btu/ft2  sec).  However, 
there  was  substantial  pyrolysis  of  the  resin,  and,  as  a  result,  the  samples  were 
very  susceptible  to  handling  damage  after  test.  The  back  surface  temperature  of 
both  specimens  began  to  increase  immediately  upon  exposure  and  stabilized  after 
approximately  150  seconds. 

The  response  of  this  laminate  to  more  severe  thermal  test  conditions 
(heat  fluxes  of  500  and  1000  Btu/ft2  sec)  was  markedly  different.  Front  surface 
temperatures  exceeded  3500*1-,  and  the  quartz  cloth  reinforcement  melted 
(Table  27),  After  approximately  30  seconds,  back  surface  temperatures  in¬ 
creased  rapidly  and  were  still  rising  at  the  end  of  each  exposure. 
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^**•*^1  I  Phrnoiic /Quarts  Cloth 


Fes:  Cundit  and  Results  oi  Manufacturer  CT  Phenolic/Qua 


The  two-layer  laminate*  of  phenolic /quarts  cloth  and  phenolic /graphite 
cloth  experienced  rapid  oxidation  of  the  top  layer.  This  layer  was  penetrated 
after  approximately  80  seconds  at  100  Btu/ft2  sec,  exposing  the  underlying 
phenolic /quart*.  The  phenolic /quart*  was  virtually  unaffected  at  this  heat  flux 
level  and  remained  intact  throughout  the  remaining  220  seconds  of  test. 

At  1000  Btu/ft2  sec,  the  phenolic /graphite  portion  of  the  specimen  was 
penetrated  in  less  than  20  seconds  and  melting  of  the  newly  exposed  surface  of 
quartz  cloth  was  initiated  and  sustained  throughout  the  remainder  of  the  68™ 
second  exposure. 

Back  surface  temperatures  of  the  two-layer  composites  at  both  heat 
flux  levels  rose  to  relatively  high  levels.  At  100  Btu/ft2  sec,  it  stabilized  at 
approximately  750*F.  At  1000  Btu/ft2  sec,  back  surface  temperature  reached 
2300  *F  and  was  still  increasing  rapidly  at  the  .^rmination  of  the  test. 

The  phenolic /quartz  cloth  laminates  performed  as  a  typical  high  silica 
laminate;  that  is,  specimen  erosion  occurred  only  at  the  higher  heat  flux  levels. 
However,  with  respect  to  thermal  insulating  ability,  these  laminates  were  not 
nearly  as  effective  as  others  of  this  general  class.  In  all  tests,  the  back  surface 
temperature  began  to  rise  rather  sharply  after  only  a  short  exposure  time. 


X-l 5  STUDIES 

Preliminary  screening  tests  were  conducted  on  nine  candidate  ablative 
coatings  for  the  advanced  Mach  8  version  ol  the  X-l 5  research  aircraft.  A  com¬ 
plete  listing  of  the  materials  and  the  heat  flux  levels  of  test  is  shown  in  Table  29. 

Three  heat  flux  levels,  15,  40,  and  150  Btu/ft2  sec,  were  selected  as 
being  representative  of  heating  rates  encountered  at  various  regions  of  the  craft 
during  flight.  It  was  expected  that  nonstagnation  areas  would  be  subjected  to 
relatively  low  level  heating,  approximately  15  Btu/ft2  sec,  whereas  leading  edges 
would  experience  short-duration  peak  heating  of  150  Btu/ft2  sec.  During  the 
major  portion  of  flight,  heat  inputs  of  approximately  40  Btu/ft2  sec  were  expected. 
This  evaluation,  therefore,  emphasized  behavic"  of  the  40  Btu/ft2  sec  heat  flux 
level.  Additional  testing  at  15  and  150  Btu/ft2  sec  was  performed  on  ele"* 
ablative  coatings. 

All  the  specimens  were  bonded  *■  or  ?  olied  directly  on  2"  x  .1"  x  1/8" 
Inconel  X  plates.  Nominal  ablative  mater  *.  -  knesses  were  3/.'",  1/4",  and 

0.  050". 


After  normal  pretest  calibration  of  the  plamn  <  t,  specimens  were 
inserted  into  the  plasma  effluent.  Tests  were  termina  «  !  when  the  temperature 
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Table  29.  Candidate  X-15  Ablative  Materials  Tested  i&d 
Heat  Flux  Levels  to  Which  They  Were  Exposed 

Nominal 


Density 

Material 

He»<  Flu* 

Manufacturer 

Mitrrttl 

{*  m/cc) 

Thickness 

(Btu/ft*  sec) 

AG 

Filled  Epoxy  Formulation 

1.  0 

1/4  In. 

)  @150 

3/4  in. 

1  ©  40 

1  @150 

A 

Fibrous  Ablative  Composite 

0.  6 

50  mil 

1  ©  15 

2  ©  40 

3/8  in. 

2  ©  1 50 

E 

Subliming  Epoxy 

1.  4 

50  mi1 

1  ©  15 

3@  40 

1  ©150 

1/4  in. 

1  ©  40 

E 

Fiber  Reinforced  Subliming 
Epoxy 

1.  4 

50  mil 

1  ©  40 

1/4  in. 

1  §150 

EG 

Low  Density  Silicone  Elasto¬ 
mer  in  Honeycomb 

0.  8 

50  mil 

2  §  40 

1/4  in. 

1  ©  40 

1  ©150 

3/8  in. 

2  ©  150 

EG 

Low  Density  Silicone  Elasto¬ 
mer  Without  Honeycomb 

0.  ? 

50  mil 

1  ©  40 

EG 

Medium  Density  Silicone 
Elastomer  in  Honeycomb 

0.  9 

i/4  in. 

1  ©  40 

1  ©150 

3/8  in. 

1  ©  40 

1  ©15C 

EG 

High  Density  Silicone  Elasto¬ 
mer  in  Honeycomb 

1.  1 

1/4  in. 

1  40 

1  <3150 

3/8  in. 

1  ©  40 

1  ©  150 

EG 

High  D*n»lty  Ji'icone  Custo¬ 
mer  Without  Honeycomb 

1.  0 

50  mil 

1  ©  40 

CR 

Ablative  Polymer 

1.  3 

50  mil 

2  @  40 

1/4  in 

2  ©  40 

2  ©150 

3/8  in 

2  ©  150 

CA 

Ablative  Composite 

1.  4 

1/4  in. 

1  ©  40 

1  ©  1 50 

3/8  m. 

1  ©  40 

1  ©  1  50 

M 

Microballoon  Filled  Silicone 
Elastomer  in  Honeycomb 

0.  6 

V8  'n. 

2  @  40 

2  ©  150 

MC 

Silicone  Elastomer  in  Honey¬ 
comb 

0.  9 

l/4  in. 

1  ©  40 

2  ©  150 

3/3  in. 

1  <<y  1 50 

MC 

Silicone  Elastomer  Without 
Honeycomb 

0.  7 

50  mil 

2  ©  15 

2  ©  40 

MC 

Modified  Silicone  Elastomer 
in  Honeycomb 

0.  8 

1/4  in. 

1  ©  40 

2  ©  1 50 

3/8  in. 

1  @  150 

mc„ 

Modified  Silicone  Elastomer 
Without  Honeycomb 

0.  7 

50  mil 

\  I’y 

2  #  40 
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of  the  Inconel  X  substrate  plate  reached  500  %F.  In  some  low  heat  flux  level 
tests  and  in  the  test  of  thicker  materials,  this  back  surface  temperature  was 
not  attained,  and  tests  were  terminated  after  15  minutes  of  exposure. 


Nominal  test  conditions  at  the  three  heat  flux  levels  were: 


Heat  Flux  (Btu/ft2  sec) 

15 

40 

150 

Specimen  Distance  From  Exit 
Plane  (in) 

6.  25 

3.  5 

1.  125 

Gas  Enthalpy  (Btu/lb)* 

1150 

1263 

1568 

Stagnation  Pressure  (psig) 

0.  055 

0.  145 

0.  365 

Gas  Temperature  (*F)* 

3618 

3917 

4590 

Gas  Velocity  (ft/sec) 

84 

223 

562 

*  Conditions  at  the  exit  plane  of  plasma-jet 

The  test  results  of  Appendix  4  include  substrate  temperature -time 
histories  (Figures  66  through  77),  ablative  material  weight  loss,  depth  of  ero¬ 
sion,  final  front  and  back  surface  temperatures,  and  post-test  photographs  of 
the  specimens  (Tables  40  through  65). 

Most  of  the  materials  evaluated  in  these  screening  tests  were  not 
developed  for  use  as  an  ablative  coating.  Consequently,  poor  performance  in 
these  tests  should  not  be  construed  as  indicative  of  a  material's  capability  in 
those  applications  for  which  it  was  originally  intended. 

MANUFACTURER  AG 

This  material,  a  filled  epoxy  formulation  of  1.  0  gm/cc  density,  per¬ 
formed  extremely  poorly  at  both  40  and  150  Btu/ft2  sec.  It  exhibited  a  very  high 
rate  of  erosion  and  was  a  relatively  ineffective  ablative  system,  as  indicated  by 
its  rapid  increase  of  back  surface  temperature  (Tables  40  and  41). 


MANUFACTURER  A 

The  composition  of  this  material,  a  fibrous  composite  of  0.  gm/cc 
density,  was  not  specified.  The  erosion  rate  of  this  system  was  hign  at  all  levels 
of  test.  The  3/8"  thick  samples  exposed  at  150  Btu/ft2  sec  reached  a  substrate 
plate  temperature  of  500*F  in  approximately  100  second;,  indicating  poor  insulating 
characteristics  for  this  material.  A  50  mil  specimen  tested  at  15  Btu/ft2  sec 
stabilized  at  an  Inconel  plate  temperature  approximately  100°F  higher  than  most 
other  candidate  materials  (Figure  48),  even  though  no  appreciable  erosion  occur¬ 
red. 
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MANUFACTURER  E 


Tests  were  performed  on  two  versions  of  a  subliming  salt-epoxy  com¬ 
posite,  with  and  without  fiber  reinforcement.  The  nonreinforced  material 
performed  well  at  the  150  Btu/ft2  sec  heat  flux  level,  but  at  40  Btu/ft2  sec  it 
formed  deep  surface  fissures  which  adversely  affected  the  thermally  protective 
function  of  this  system. 

The  erosion  resistance  of  the  fiber -reinforced  materials  was  superior 
to  that  of  unreinforced  T-500,  but  no  significant  improvement  in  insulating 
ability  was  noted  (Tables  43,  44,  and  45). 

MANUFACTURER  EG 

These  materials  were  all  variations  of  one  basic  formulation,  desig¬ 
nated  by  the  vendor  as  a  silicone  elastomer.  A  low,  medium,  and  high  density 
elastomer  (0.  8,  0.  9,  and  1.  1  gm/cc)  in  a  honeycomb  reinforcement  and  low 
and  high  density  materials  without  honeycomb  (densities  of  0.  7  gm/cc  and  1.  0 
gm/cc)  were  evaluated. 

The  lower  and  medium  density  elastomers  appeared  to  perform, more 
effectively  as  thermal  insulators  than  the  high  density  material.  It  was  also 
noted  that  the  thin  (50  mil)  specimens  had  a  lower  insulation  efficiency,  prob¬ 
ably  due  to  the  air -foamed  characteristics  of  the  material.  In  a  thick  sample, 
the  open  surface  pores  represented  a  negligible  fraction  of  the  total  sample 
thickness,  whereas,  in  the  thin  samples,  these  open  pores  represented  a  rather 
large  percentage  of  the  total  sample  thickness  and  thus  reduced  the  effective 
ablative  material  thickness  (Tables  46  through  54). 

MANUFACTURER  GR 

These  samples  (designated  as  an  ablative  polymer,  a  bright  green  homo¬ 
geneous  plastic  of  1.  3  gm/cc  density)  performed  very  poorly  at  all  levels  of  ex¬ 
posure  and  for  all  sample  thicknesses.  The  material  melted  profusely  immediately 
upon  exposure  and  was  a  very  ineffective  thermal  insulator  (Tables  45  and  56). 

MANUFACTURER  GA 

These  ablative  composites  of  unspecified  composition  (density  ~1.  4 
gm/cc)  performed  very  well  at  the  40  Btu/ft2  sec  heat  flux  level,  their  insulating 
ability  being  comparable  to  that  of  the  EG  silicone  elastomers.  At  this  heat  flux, 
there  was  no  surface  erosion.  However,  at  150  Btu/ft2  sec,  the  GA  material 
eroded  severely  and  was  completely  penetrated  in  a  relatively  short  period  of 
time  (Tables  57  and  58). 
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MANUFACTURER  M 


Several  honeycomb-reinforced  specimens  of  a  silicone  elastomer 
filled  with  microballoons  were  evaluated. 

Because  thin  (50  mil)  samples  were  not  evaluated,  it  was  impossible 
to  completely  evaluate  this  material;  however,  in  most  instances,  the  perfor¬ 
mance  of  this  system  compared  favorably  to  that  of  the  EG  elastomers  (Table  59). 

MANUFACTURER  MC 

Two  materials  were  submitted:  a  silicone  elastomer  and  a  second 
generation  modification  of  it,  developed  for  improved  char  surface  character¬ 
istics.  These  materials  were  of  nearly  equal  der  ity  (~  0.  7  gm/cc).  Both  were 
available  in  a  slightly  higher  density  honeycomb  configuration  for  improved 
erosion  resistance. 

Both  materials,  with  and  without  honeycomb,  performed  very  well  at 
15  and  40  Btu/ft2  sec,  and,  in  fact,  maintained  a  consistently  lower  back  face 
temperature  than  any  other  material  evaluated  in  these  tests. 

Only  honeycomb  samples  were  exposed  to  150  Btu/ft2  sec.  In  general, 
their  performance  was  very  poor  because  the  filler  material  tended  to  separate 
from  the  honeycomb  and  expose  the  Inconel  substrate  plate  to  hot  gas  impinge¬ 
ment.  As  a  result  of  this  separation,  relatively  high  back  surface  temperatures 
were  recorded  in  this  test  series.  The  separation  failure  was  apparently  initiated 
at  some  critical  heat  flux  level  between  40  and  150  Btu/ft2  sec. 

No  appreciable  difference  was  apparent  between  the  regular  and  the 
modified  elastomers  with  respect  to  their  thermal  protective  ability.  As  was 
expected,  '-.wever,  the  surface  of  the  honeycomb  reinforced  modified  system 
was  noticeably  smoother  after  test  (Tables  60  through  75). 

SUMMARY 

It  was  obvious  from  these  tests  that  many  of  the  candidate  materials 
would  not  satisfy  the  basic  performance  criterion  of  the  X-15  application,  namely 
to  provide  short-term  ablative  protection.  A  few  systems,  including  those  from 
manufacturers  EG  and  MC,  appeared  to  be  satisfactory  in  this  respect. 

It  should  be  recognized  that  elementary  screening  tests  such  as  this 
should  not  constitute  the  only  basis  for  acceptance  of  a  candidate  material.  It 
was,  therefore,  recommended  that  advanced  plasma  iesting  and  actual  flight 
tests  be  performed  upon  those  systems  which  performed  well  in  these  tests  and 
which  satisfied  other  design  criteria  not  considered  in  this  study  (method  of  ap¬ 
plication,  weight  factors,  curing  requirements,  etc.  ). 
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SCREENING  TESTS  FOR  NOZZLE  MATERIALS 


Efforts  have  been  directed  toward  the  development  and  refinement  of 
a  plasma -fired  materials  testing  facility  designed  for  the  screening  of  potential 
nozzle  materials  in  chemical  and  thermal  environments  simulating  rocket 
exhausts. 


The  apparatus  (Figures  40  and  41)  consists  of  four  major  components: 

(1)  a  50  KW  arc -plasma-jet  as  a  source  of  high  temperature  gas 

(2)  a  mixing  chamber  for  the  injection  of  gaseous  and  liquid  additives 
to  simulate  components  of  actual  rocket  exhausts 

(3)  a  test  chamber  in  which  subscale  nozzles  are  evaluated 

(4)  a  wet-wash  scrubber  system  to  contain  the  test  products  as  they 
leave  the  test  chamber,  cool  them  to  room  conditiors  and  render 
them  physiologically  and  corrosively  harmless  so  that  they  may 
be  discharged  into  the  atmosphere  or  a  liquid  drainage  system. 

Details  of  these  components  have  been  discussed  in  previous  reports 
(Refs.  10,  11,  and  13). 

This  facility  was  designed  for  rapid,  inexpensive  testing  of  proposed 
nozzle  materials  to  determine  their  compatibility  with  the  corrosive  products 
of  rocket  fuel  combustion.  The  high  temperatures  associated  with  rocket  ex¬ 
hausts  are  easily  achieved  with  the  plasma -jet,  and,  although  the  chamber  pres¬ 
sures  are  low  (up  to  approximately  75  psig  with  the  present  arrangement),  they 
are  representative  of  small  liquid-fueled  motors  used  for  attitude  control. 
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Current  efforts  have  centered  about  establishing  a  workable  test 
procedure  and  de<-«rr  ining  the  feasibility  of  the  overall  approach. 

Instrumentation  for  the  measurement  of  test  conditions  and  specimen 
behavior  during  test  includes  rotameter  type  flow  meters  for  the  measurement 
ani  control  of  gaseous  or  liquid  additives  to  the  plasma  stream,  a  "100"  series 
Ircon  Automatic  Optical  Pyrometer  for  continuous  recording  of  nozzle  specimen 
wall  temperatures,  and  a  Teledyne  pressure  transducer  {range  0  to  100  psig) 
for  continuous  recording  of  pressures.  A  direct  reading  bourdon  tube  pressure 
gage  was  installed  for  cross-check  measurements  of  chamber  pressure. 

In  addition  .o  gases,  it  was  desired  that  the  mixing  chamber  be  capable 
of  liquid  and  liquid  slurry  additives  to  the  plasma  stream.  After  considerable 
experimentation,  a  design  evolved  which  incorporated  a  miniature  spray  nozzle 
mounted  flush  with  the  interior  wall  for  the  introduction  of  liquids  as  a  fine  mist. 
Operation  of  this  modified  mixing  chamber  was  visually  evaluated  by  observing 
the  dispersion  of  an  aqueous  solution  of~0.  4%  strontium  chloride  (which  produces 
a  brilliant  red  flame  when  heated)  during  operation  of  the  plasma  torch.  Several 
water  injection  tests  "-ere  also  performed  on  graphite  nozzle  specimens.  The 
visual  evaluation  and  the  erosion  patterns  of  the  graphite  test  nozzles  both  indi¬ 
cated  good  mixing  of  injected  water  in  the  plasma  effluent. 

As  a  first  step  in  simulating  rocket  exhaust  constituents,  a  series  of 
tests  were  performed  on  AT J  graphite  nozzles.  These  nozzles  were  of  a  simple 
converging  shape  (see  Figure  42)  designed  primarily  for  ease  of  fabrication. 

The  nozzle  specimens  were  tested  with  a  nitrogen  stabilized  plasma- 
jet  effluent  with  additives  of  O*  ,  COz  ,  or  H20  in  proportions  which  produced 
an  equal  weight  percentage  (4.  37  w/o)  of  oxygen  in  each  case.  A  total  of  thirty 
specimens  were  tested  (ten  with  each  additive)  at  a  nozzle  wall  temperature  of 
2700 *F.  Limited  testing  was  also  performed  with  each  of  these  additives  at 
nozzle  wall  temperatures  of  2400  "F  and  3500  *F. 
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In  conducting  these  tests,  nozzle  specimens  (which  had  been  weighed 
in  air  and  in  water  to  determine  their  weight,  volume,  and  density)  were  clamped 
in  place  at  the  discharge  of  the  plasma-jet.  An  argon  cover  gas  was  passed  over 
the  exterior  snrface  of  the  specimen  and  the  nitrogen  arc  gas  introduced  through 
the  system.  After  a  four -minute  purge  of  the  entire  system,  the  plasma  torch 
was  fired  and  input  power  adjusted  to  produce  the  desired  nozzle  wall  temperature. 
When  equilibrium  conditions  were  established,  the  additive  was  introduced  and 
the  test  begun.  Test,  were  terminated  after  a  predetermined  time  of  exposure 
(earlier  if  a  catastrophic  failure  occurred)  and  the  nozzle  test  specimen  allowed 
to  cool  in  an  inert  atmosphere  of  Nz  on  the  interior,  Ar  on  the  exterior. 

Post-test  measurements  included  the  specimen  weight  in  air  and  in 
water  to  facilitate  computation  of  weight  loss,  volume  loss,  and  change  in  density. 

Direct  measurement  of  the  nozzle  throat  area  was  found  to  be  quite  dif¬ 
ficult  because  the  erosion  pattern  was  often  quite  irregular.  An  alternate  method 
of  '  iiermining  effective  throat  area  change  based  on  the  relationship  between 
chamber  pressure  and  throat  area  was  employed. 

To  calculate  throat  area  change  aj  a  function  of  chamber  pressure  re¬ 
quires  that  either  choked  flow  (sonic  flow  at  the  throat)  or  nonchoked  flow  (sub¬ 
sonic  flow  at  the  throat)  be  maintained  throughout  *’  e  test  exposure.  Since  the 
initial  chamber  pressure  was  never  low  enough  to  produce  nonchoked  flow,  it 
was  determined  that  all  tests  be  run  under  choked  flow  conditions.  For  these 
condi  to  be  met,  the  ratio  of  the  pressure  at  the  throat  (in  a  simple  conver¬ 
ging  no~ele,  the  exit)  to  the  chamber  pressure  must  never  exceed  0.  53. 

Therefore,  the  chamber  pressure  in  these  tests  was  never  permitted 
to  drop  below: 

=  28.  3  PSIA  =  14.  0  PSIG 

0.  53 

Since  the  test  was  conducted  under  choked  flow  conditions,  the  ratio  of 
initial  absolute  chamber  pressure  to  final  absolute  chamber  pressure  was  in¬ 
versely  proportional  to  the  ratio  of  initial  throat  area  to  final  throat  area: 


_i  f. 
pf  '  \ 

The  initial  throat  area  in  all  tests  was  known  and  the  initial  and  final 
chamber  pressures  w>  re  obtained  ;rom  the  test  records.  The  final  throat  areas 

*  This  is  derived  by  assuming  pe.Tect  gas  laws  and  using  elementary  compressible 
fluid  flow  relationships.. 
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obtained  by  this  technique  compared  favorably  with  those  obtained  by  actual 
measurement  on  test  nozzles  which  exhibited  circular  throat  cross  sections 
after  exposure. 

Preliminary  test  data  are  summarized  in  Table  30  in  terms  cf  weight 
loss,  volume  of  erosion,  and  increase  in  throat  area,  each  expressed  as  a  rate 
to  normalize  differences  in  exposure  time.  Also  presented  are  typical  time 
histories  of  chamber  pressure  and  nozzle  wall  temperature  (Figures  43,  44, 
and  45). 


As  was  expected,  the  corrosive  effect  of  02  was  the  most  severe  in 
these  tests.  The  primary  reaction  normally  assumed  to  occur  is 

02  +  C  - >  C02  (Ref.  12) 

from  which  it  is  evident  that  all  the  oxygen  present  in  the  effluent  is  available 
to  react  with  the  graphite. 

In  the  teste  with  C02  ,  thip  was  not  true.  The  primary  reaction  is 

C02  +  C  - >  2CO  (Ref.  12) 

and,  thus,  onlv  one-half  of  the  oxygen  in  the  effluent  is  available  to  react  with 
the  graphite.  The  specimen  erosion  should,  therefore,  be  correspondingly  less 
severe,  and  this  was  supported  by  the  data,  which  exhibited  approximately  70% 
leas  weight  loss  with  the  C02  additive. 

The  expected  water-gas  reaction  of  water  vapor  with  graphite, 

H20  +  C  - ■>  CO  +  H2  (Ref.  12) 

would  suggest  that  all  the  added  oxygen  is  available  for  reaction  with  the  graphite 
and  that  the  erosion  produced  in  these  tests  should  be  equal  to  that  observed  in 
the  02  tests.  However,  in  the  water  vapor  tests,  the  graphite  nozzle  specimens 
experienced  only  75%  of  the  total  weight  loss  of  the  02  tests. 

This  is  believed  to  be  the  resv.lt  of  a  differ*,  ice  in  chemical  reaction 
rates  for  the  two  additives.  The  reaction  of  H20  and  graphite  is  endothermic 
and  should  proceed  at  a  slower  rate  than  the  exothermic  02 -graphite  reaction. 

It  is  possible  that  the  residence  time  of  the  H2Q  in  the  graphite  nozzle  may  not 
have  been  sufficient  to  allow  total  consumption  of  the  a^ilable  oxygen. 

The  temperature -pres sure -time  histories  for  these  tests  show  a  slight 
increase  in  nozzle  temperature  the  first  few  seconds  after  injection  of  02  to  the 
plasma  effluent  (Figure  43).  This  is  believed  to  be  the  result  of  heat  liberated 
by  the  exothermic  02  -graphite  reaction.  The  opposite  effect  (a  decrease  in 
nozzle  temperature)  was  noted  in  the  COz  tests  (Figure  44).  This  was  expected 
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Figure  43.  Typical  Pressure-Temperature-Time  Histories  of  ATJ  Graphite  Type  II  Nozzle 
Specimens  Exposed  to  an  N2  -02  Effluent  at  Initial  Temperatures  of  2400°,  2700 
and  3500°F 


Typical  Pressure-Temperature-Time  Histories  of  ATJ  Graphite  Type  II  Noszle 
Specimens  Exposed  to  an  N2  -CO£  Effluent  at  Initial  Temperatures  of  2400°,  270 
and  3500  F 


Typical  Pressure-Temperature-Time  Histories  of  AT J  Graphite  Type  II  Nozzle 
Specimens  Exposed  to  an  N2  -H20  Effluent  at  Initial  Temperatures  of  2400°,  270 


since  the  carbon  dioxide -graphite  reaction  is  endothermic.  It  is  possible, 
however,  that  the  observed  decrease  in  wall  temperature  was  not  entirely  due 
to  the  thermodynamics  of  the  reaction.  Expansion  of  the  CO}  from  the  high 
pressure  storage  bottle  to  the  relatively  low  pressure  of  the  mixing  chamber 
and  the  corresponding  drop  in  temperature  very  likely  could  have  had  a  cooling 
effect  upon  the  plasma  effluent.  It  is  believed  that  ihe  decrease  of  specimen 
temperature  reflected  the  combined  effects  of  gas  cooling  and  heat  absorption 
in  the  COa  -C  reaction. 

The  temperature -time  history  of  the  HzO  tests  (Figure  45)  revealed  a 
slight  drop  in  temperature  (and  corresponding  increase  in  chamber  pressure) 
after  approximately  one  second  of  test,  followed  by  a  steady  increase  in  wall 
temperature  to  the  end  of  the  exposure.  The  drop  in  temperature  was  a  result 
of  cooling  by  the  initial  pulse  of  injected  liquid  H20.  After  this  initial  pulse, 
the  temperature  of  the  test  nozzle  would  be  expected  to  decrease  as  a  result  of 
the  reaction  of  H20  with  graphite  (which  is  endothermic).  However,  another 
phenomenon  occurs.  The  principal  mode  of  heat  transfer  is  conduction  from  a 
transparent  gas  to  an  opaque  nozzle.  However,  when  water  vapor  is  present  in 
the  heating  effluent,  the  gas  becomes  translucent  (or  even  opaque  with  sufficient 
quantities  of  vapor)  in  the  infrared  wave  length  range,  even  though  it  remains 
transparent  in  the  visible  range.  Thus,  there  is  additional  heating  of  the  nozzle 
specimen  by  radiation.  The  quantity  of  radiative  heat  absorbed  by  the  specimen 
far  outweighs  the  losses  due  to  the  endothermic  reaction,  and  the  result  is  a  net 
increase  of  nozzle  wall  temperature. 

The  results  of  these  tests  were  essentially  as  expected,  with  the  cor¬ 
rosive  effect  of  gaseous  02  being  most  severe,  followed  in  decreasing  order  of 
severity  by  HaO  and  C02  .  This  is  readily  apparent  in  Figures  46  and  47,  which 
show  weight  loss  and  throat  area  increase  ratio  as  a  function  of  specimen  wall 
temperature.  Note  that  sample  deviation  bands  were  fitted  to  the  data  at  2700 *F, 
but  not  at  the  other  two  temperatures  because  of  an  insufficient  number  of  tests. 

Although  only  a  limited  number  of  tests  were  conducted  at  the  lov'er 
(2400  *F)  and  the  higher  (3500 *F)  temperatures,  the  results  indicated  that  the 
specimen  erosion  increases  appreciably  at  the  higher  temperature  (and  the  cor¬ 
responding  higher  pressure). 

The  sample  deviation  bands  plotted  for  two  erosion  rate  parameters 
(weight  loss  and  throat  area  increase)  indicate  that  the  weight  loss  rate  is  the 
more  reproducible.  This  parameter  will  probably  be  the  primary  measure  of 
nozzle  erosion  in  subsequent  tests. 

Results  to  date  have  shown  this  test  to  be  responsive  to  variations  in 
specimen  chamber  pressure  and  temperature  and  effluent  chemistry.  Major 
problems  with  the  operation  of  the  plasma-jet,  mixing  chamber  scrubber,  and 
associated  instrumentation  have  been  resolved.  A  complete  evaluation  of  the 
full  potential  of  this  approach  to  materials  evaluation  has  just  begun.  The 
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Equiv.  C>2  content  =  4.  3?  w/o  of  total  flow 
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Figure  46.  Average  Weight  Loss  Rate  Versus  Nozzle  Wall 

Temperature  of  ATJ  Graphite  Nozzles  Exposed  to 
Environments  with  Various  Additives 

1 8  r- . . .  -t - - - f - -  - - t . . . i . .  1  - 1 - - 


2400  2600 


2800  3000  3200 

Nozzle  Wall  Temp.  (°F) 


3400 


3600 


Figure  47.  Average  Rate  of  Increase  in  Throat  Area  Versus 

Nozzle  Wall  Temperature  of  ATJ  Graphite  Nozzles 
Exposed  to  Environments  with  Various  Additives 


facility  wm  designed  for  testing  a  variety  of  materials,  including  refractory 
metals,  metal-ceramic  composites,  and  reinforced  plastics.  An  investigation 
of  the  problems  specific  to  the  evaluation  of  these  various  materials  should  be 
pursued.  Studies  of  chemical  efforts  should  be  expanded  into  simulation  of 
multicomponent  exhaust  chemistry  in  carefully  controlled  experiments  designed 
to  identify  the  relative  influence  of  individual  exhaust  species  and  interaction  of 
two  or  more  chemical  components. 
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SECTION  in  PLASMA-SPRAYED  COATING  STUDIES 


INTRODUCTION 

Unique  coating  systems,  fabricated  by  plasma  spraying,  have  been  the 
subject  of  an  intensive  twelve -month  investigation.  This  study  centered  about 
the  evaluation  of  metal -modified  ceramic  coatings  deposited  from  premixed 
power  blends.  The  objective  of  the  program  was  the  development  of  techniques 
for  the  plasma  deposition  of  metal  ceramic  coatings  of  specific  microstructures 
and  composition  for  the  purpose  of  developing  tailored  properties  in  the  result¬ 
ing  composite  material. 


BACKGROUND 

In  either  flame  or  plasma  spraying,  it  is  necessary  to  properly  condi¬ 
tion  the  spray  material  in  transit  from  the  spray  torch  to  the  surface  being 
coated.  With  powdered  materials,  this  conditioning  consists  of  increasing  the 
thermal  and  kinetic  energy  of  each  particle  so  that  adequate  deformation,  con¬ 
ducive  tc  proper  coating  build-up,  is  achieved  upon  impact  with  the  substrate 
surface. 


In  plasma  spraying,  the  energy  transfer  to  a  particle  is  related  to  the 
composition,  enthalpy,  static  pressure  and  velocity  of  the  plasma  stream,  phy¬ 
sical  and  thermal  properties  of  the  spray  powder,  particle  size,  shape  and  density, 
melting  point,  thermal  conductivity,  heat  capacity,  heat  of  fusion,  and  emittance. 
Thermal  conditioning  is  also  affected  by  the  energy  distribution  across  the  plasma 
stream,  the  rate  of  powder  addition  to  the  plasma  stream,  and  the  distribution  of 
particles  within  the  stream. 

Since  particle  size  is  a  physical  factor  which  influences  both  the  velocity 
and  heat  transfer  to  a  spray  powder,  thermal  conditioning  can  be  controlled  by 
adjustments  of  this  parameter.  When  spraying  blends  of  metal  and  ceramic  with 
greatly  different  thermal  properties,  size  control  may  offer  the  only  means  of 
properly  conditioning  both  materials  for  successful  codeposition  under  fixed  oper¬ 
ating  conditions  of  the  spraying  equipment. 

A  study  of  the  effects  of  the  particle  size  ratio  and  determination  of  an 
optimum  ratio  between  two  spray  materials  can  be  approached  theoretically  or 
empirically,  A  theoretical  approach  requires  the  development  of  equations  des¬ 
cribing  the  velocity  and  heating  rate  of  a  particle  as  a  function  of  its  size.  Models 
for  determining  particle  heating  rates  as  related  to  required  thermal  energy  for 
melting  are  reviewed  in  Appendix  I.  An  equation  for  determining  particle  velocity 
has  been  developed  and  is  outlined  in  Appendix  II. 

An  empirical  study  can  be  accomplished  by  preparing  coatings  from  a 
number  of  metal -ceramic  blends  of  varying  particle  size  ratios  and  evaluating 
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their  characteristics.  A  study  of  this  type  was  pursued  to  determine  the  effect 
of  process  variables,  blend  compositions,  and  powder  size  ratios  upon  the  thermal 
and  physical  properties  of  the  composite  coatings.  The  program  was  oriented 
towards  the  development  of  high  bond-strength  coatings  with  good  thermal  shock 
resistance.  In  conjunction  with  this  program,  an  analysis  of  the  thermal  expan¬ 
sion  behavior  of  metal-ceramic  composites  and  the  internal  thermal  stresses 
developed  from  thermal  expansion  mismatch  was  conducted.  This  study  is  also 
detailed  in  Appendix  HI  of  this  report. 


COATING  PROCEDURES 

Three  types  of  plasma-sprayed  coatings  on  304  stainless  steel  were 
studied;  pure  metal,  single  layer  metal-ceramic  mixture,  and  multilayer  systems 
consisting  of  a  metal  flashing,  several  layers  of  metal -ceramic  mixture,  and  a 
ceramic  surface  layer. 

Metallic  coatings  of  NiCr,  Mo,  and  NiAl  were  prepared  in  a  study  of 
processing  variables.  Metal-ceramic  coatings  of  NiCr-ZrOa  and  NiAl-Al2  Os 
were  prepared  for  a  study  of  metal  to  ceramic  particle  size  ratio,  volumetric 
ratio,  and  the  principal  process  variables  of  arc  input  power,  spray  distance, 
and  arc  gas  flow  rate.  In  the  later  phase  of  the  program,  multilayer  graded 
ceramic  coatings  were  also  prepared  for  evaluation.  Bond  strength,  thermal 
shock  behavior,  and  microstructural  analysis  provided  guidelines  in  the  evalu¬ 
ation  of  these  coatings. 

The  coatings  were  sprayed  with  a  Plasmadyne  SG-1  plasma  torch  using 
argon  as  the  arc  stabilizing  gas.  Spray  powder  was  delivered  to  the  torch  by  a 
screw  feed  hopper  system  designed  by  Research  Institute  personnel.  One-eighth 
inch,  304  stainless  steel  was  the  substrate  material  used  for  all  coated  speci¬ 
mens.  Prior  to  coating,  these  specimen  blanks  were  grit  blasted  using  40  mesh 
SiC  at  150  psig,  cleaned  in  trichlorethylene,  and  desiccated  until  sprayed.  Bond 
strength  determinations  were  made  on  1"  x  1"  plates,  and  thermal  shock  testing 
was  conducted  on  2"  x  2"  plates.  Microstructure  of  the  coating  was  determined 
from  photomicrographs  of  representative  bond  strength  specimens. 

The  Zr02  powder  was  purchased  from  Zircoa,  Solon,  Ohio,  and  the 
Al2  Oj  powder  was  purchased  from  Norton  Company,  Worcester,  Mass.  All  of 
the  other  powders  used  in  this  study  were  purchased  from  Atlantic  Equipment 
Engineers,  Bergenfield,  N.  J. 

Ten  mil  coatings  of  NiCr,  Mo,  and  NiAl  were  prepared  for  bond  strength 
and  thermal  shock  testing.  The  spray  conditions  for  each  of  the  metals  were 
determined  by  the  slide-distance  technique  developed  by  Moore  (Ref.  17).  The 
average  particle  size  of  all  the  metal  powders  was  50p.  For  this  particle  size, 
the  following  spray  parameters  were  fixed; 
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1.  arc  gas  (argon)  flow  rate  >  88  SCFH 

2.  powder  carrier  gas  (nitrogen)  flow  rate  -  15  SCFH 

3.  volumetric  feed  rate  for  spray  powder  -  550  ml/hr 

4.  spray  distance  -  4". 

The  input  power  to  the  torch  was  varied  from  14-17  KW  as  a  function 
of  the  metal  being  sprayed.  Specific  power  settings  are  given  in  Table  31. 


Table  31.  Power  Settings  for  Metal  Coatings 


Material 


Power  Setting  (KW) 


NiAl 

NiCr 

Mo 


16.  3 
15.  2 
15.  0 


The  influence  of  the  particle  size  ratio  of  the  metal  and  ceramic  powder 
was  determined  from  an  analysis  of  coatings  prepared  from  six  15%  NiCr-85% 
Zr02  blends  of  different  ratios  (see  Table  32).  Four  blends  of  25%  NiAl  and 
75%  Al2  03  were  also  prepared,  as  shown  in  Table  33.  To  study  the  effect  of 
metal  content,  blends  of  90p  metal  and  50|i  ceramic  were  prepared  from  five 
mixtures  of  NiCr-Zr02  ,  ranging  in  metal  content  from  35%  to  5%  (by  volume) 
as  shown  in  Table  34. 

Similar  mixtures  of  NiAl-Al2  03  in  four  blends  ranging  from  60%  metal 
to  10%  metal  were  also  prepared  (Table  35). 

Five  bond  strength  test  specimens  and  three  thermal  shock  specimens 
of  each  of  the  different  particle  size  and  volumetric  ratio  blends  were  sprayed 
at  a  power  level  of  16  KW,  3  inches  from  the  torch,  using  an  argon  arc  gas  flow 
rate  of  110  SCFH,  a  powder  feed  rate  of  550  milliliters  per  hour,  and  an  argon 
carrier  gas  flow  rate  of  15  SCFH.  Prior  to  coating,  all  of  the  substrates  were 
flashed  with  a  1-2  mil  coating  of  coarse  Mo  (80p)  to  promote  substrate  bonding. 

The  influence  of  input  power  and  spray  distance  was  studied  on  pre¬ 
blended  mixtures  of  15%  NiCr-85%  Zr02  and  25%  NiAl-75%  Al>  Os .  Specimens 
were  coated  at  2,  3,  4,  and  5  inches  from  the  torch  and  it  input  power  levels 
ranging  from  11  to  22  KW.  Five  samples  were  sprayed  at  each  of  several  selec¬ 
ted  spray  distances  and  power  level  combinations  for  bond  strength  testing  and 
metallographic  analyses.  Except  for  the  selected  spray  distances  and  power 
levels,  all  of  the  other  spray  conditions  were  as  described  above. 

Five  additional  bond  strength  specimens  of  both  the  15%  NiCr-85%  Zr32 
and  the  25%  NiAl-75%  Al2  Os  mixtures  were  sprayed  directly  on  the  steel  plat*  s 
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Table  32.  Composition  of  85%  ZrO*  -15%  NiCr  Blends  Prepared 
for  Study  of  Particle  Size  Ratio  Effects 

Blend  NiCr  Particle  Size  Range  ZrO*  Particle  Size  Range 


NZ  1 

43-38  p 

93-87  p 

NZ  2 

74-57  p 

74-57  p 

NZ  3 

93-87  p 

43-38  p 

NZ  4 

93-87  p 

57-43  p 

NZ  5 

87-74  p 

43-38  p 

NZ  6 

87-74  p 

57-43  p 

Table  33.  Composition  of  75%  Al*  0#  -25%  NiAl  Blends  Prepared 
for  Study  of  Particle  Size  Ratio  Effects 


Blend 

NiAl  Particle  Size  Range 

Al2  Oi  Particle  Size  Range 

NA  1 

43-38  p 

93-87  p 

IM.  2 

nNm 

47-57  p 

74-57  p 

93-87  p 

57-43  p 

NA  4 

93-87  p 

43-38  p 

Blend 

Table  34.  Composition  of  NiCr-Zr02 

%  NiCr 

Blends 

%  ZrOj 

NZ  7 

35 

65 

NZ  8 

25 

75 

NZ  9 

15 

85 

NZ  10 

10 

90 

NZ  11 

5 

95 

Table  35.  Composition  of  NiAl-Al2  Oj  Blends 


Blend 

%  NiAl 

%  Al* 

NA  5 

60 

40 

NA  6 

40 

60 

NA  7 

20 

80 

NA  8 

10 

90 
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to  evaluate  the  influence  of  the  molybdenum  flash  coat.  These  coatings  were 
also  sprayed  at  16  KW,  3  inches  from  the  torch. 

Metallographic  specimens  were  prepared  for  several  NiCr-ZrOj  and 
NiAl-Alj  Oj  coatings  which  had  been  sprayed  at  selected  arc  gas  flow  rates  in 
the  range  of  70  SCFH-130  SCFH,  holding  all  other  spray  conditions  at  the  pre¬ 
viously  described  levels. 

Graded  composite  coatings  of  NiCr-Zr02  and  NiAl~Al2  Oj  were  also 
prepared.  For  the  NiCr-Zr02  system,  a  2  mil  coating  of  Mo  was  applied  to 
the  substrate  followed  by  three  NiCr-Zr02  graded  layers,  each  approximately 
3  mils  thick,  and  a  top  coating  of  approximately  4  mils  of  ZrOz  .  For  the  NiAl- 
Alz  Oj  system,  a  2  mil  coating  of  NiAl  was  applied  to  the  substrate,  followed 
by  three  NiAl-Al2  Oj  graded  layers,  each  3  mils  thick,  and  4-5  mil  top  coat  of 
Al2  Oj.  The  blend  compositions  and  spray  settings  are  described  in  Table  36. 


TESTING  PROCEDURES 

To  determine  bond  strength,  the  coated  specimens  were  epoxy  bonded 
between  two  aluminum  test  blocks  ano  then  loaded  with  a  universal  testing  machine 
in  a  direction  normal  to  the  plane  of  the  coating.  The  load  was  slowly  increased 
until  coating  failure  occurred.  Bond  strength  was  defined  as  the  breaking  load 
divided  by  the  surface  area. 

* 

Representative  samples  from  each  group  of  specimens  were  selected  for 
metallographic  analyses.  These  samples  were  prepared  by  standard  metallo- 
graphic  procedures  and  photomicrographs  were  taken  at  250x. 

Thermal  shock  resistance  of  the  metal -ceramic  blended  coatings  was 
evaluated  with  a  100  KW  plasma-jet.  The  2"  x  2"  test  specimens  were  attached 
to  a  water-cooled  copper  holder  that  permitted  the  cooling  water  to  be  in  direct 
contact  with  the  back  surface  of  the  sample.  An  "O"  ring  seal  around  the  outer 
periphery  of  the  specimen  provided  a  watertight  joint  between  the  copper  holder 
and  back  surface  of  the  specimen.  The  specimens  were  subjected  to  a  series  of 
thermal  cycles  consisting  of  10  seconds  in  the  hot  plasma  effluent  and  10  seconds 
in  a  cooling  stream  of  ambient  air  until  coating  failure.  Power  input  to  the  plasma - 
jet  was  increased  after  every  10  cycles  of  test  from  a  starting  heat  flux  of  560 
Btu/ft2  sec  to  a  final  value  of  1560  Btu/ft2  sec  for  a  total  of  90  accumulated  cycles. 
Failure  was  determined  by  visual  inspection  of  the  coating  during  the  cooling 
cycle. 


EXPERIMENTAL  RESULTS 


METAL  COATINGS 

The  results  of  the  bond  strength  tests  for  the  metal  coatings  are  sum¬ 
marized  in  Table  37. 
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Table  36.  Composition  and  Spray  Settings  for  Graded  Coatings 
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Table  37,  Results  of  Bond  Strength  Tests  for  Metal  Coatings 


Material 

Sample 

No. 

Bond 

Strength 

Mode  of  Failure 

NiAl 

A-l 

3070 

Coating  separation  was  a  complex  failure 

2 

3475 

starting  at  the  epoxy-coating  interface. 

i 

3555 

extending  partially  across  the  face  of  the 

4 

3870 

coating,  following  a  shear  path  at  approx¬ 

5 

3200 

imately  45°  through  the  coating  to  the 

6 

2870 

substrate,  and  then  continuing  along  the 

7 

3570 

substrate  coating  interface. 

8 

5070 

9 

4300 

10 

3370 

Av.  3635 

Mo 

11 

1975 

Coating  separated  from  substrate  at  inter¬ 

12 

2870 

face. 

13 

2370 

14 

2905 

15 

3480 

Av.  2720 

NiCr 

16 

2970 

Coating  separated  from  substrate  at  inter¬ 

17 

4210 

face.  (Except  as  noted) 

18 

3730 

19 

3560 

20 

3420 

21 

3240 

22 

3600 

23 

3860 

24 

3765* 

Epoxy  failure. 

25 

4110* 

fl  II 

Av.  3646 

*  Failure  of  test  block  epoxy  adhesive 


The  average  bond  strength  measured  for  the  Mo  coated  specimens  was 
2720  psi,  and  failure  was  due  to  the  separation  of  the  coating  from  the  substrate 
(see  Figure  49).  The  bond  strength  values  measured  were  somewhat  lower  than 
those  usually  reported  for  Mo  coatings.  Photomicrographs  showed  that  the  micro" 
structure  of  the  Mo  coatings  was  more  porous  than  is  generally  desirable. 


‘♦-Steel  Substrate 


250x 


Figure  49.  Bond  Strength  Failure  by  Coating  Separation  from 
Substrate  (Mo  Coated  304  Stainless  Steel) 
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The  average  bond  strength  measured  for  10  NiCr  specimens  was 
3646  psi*  and  failure  was  predominately  due  to  separation  between  coating  and 
substrate  (see  Figure  50).  Two  specimens  failed  in  the  epoxy  steel  interface 
at  3765  and  4110  psi  respectively.  Similar  failures  in  four  other  NiCr  samples 
had  been  observed  earlier  in  the  program.  Both  thermal  shock  test  specimens 
failed  on  the  40th  test  cycle. 


Aluminum 


Epoxy 


C  oafing 


Mount 


Steel 


NiCr 


250x 


Figure  50.  Bond  Strength  Failure  by  Coating  Separation  from 
Substrate  (NiCr  Coated  304  Stainless  Steel) 
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METAL-CERAMIC  BLENDED  COATINGS 


The  effect  of  the  particle  size  ratios  on  the  coating  microstructure 
of  the  five  NiCr-Zr02  blends  is  shown  in  Figure  51.  The  first  photomicro¬ 
graph  shows  a  coating  prepared  from  a  blend  using  a  fine  metal  particle  (av.  40(a) 
and  a  coarse  ceramic  particle  (av,  90u),  Very  little  of  the  ceramic  phase  was 
melted  and  retained  in  the  coating.  Most  of  the  ceramic  phase  appears  as  ir¬ 
regular  particles  in  a  metallic  matrix.  The  second  photomicrograph  shows  a 
coating  prepared  from  a  blend  using  medium-sized  (av.  65(a)  metal  and  ceramic 
particles.  This  coating  is  very  similar  to  the  first  coating  with  only  a  slightly 
more  melted  ceramic  phase. 


The  third  photomicrograph  shows  a  coating  prepared  from  a  blend  using 
a  coarse  metal  particle  (av.  90|a)  and  a  fine  ceramic  particle  (av.  40p.).  The 
ceramic  phase  in  this  coating  was  much  more  lamellar,  and  a  greater  amount 
was  retained.  The  fourth  photomicrograph  shows  a  coating  prepared  from  a 
coarse  metal  particle  (av.  90(a)  and  a  moderately  fine  ceramic  particle  (av.  50(a). 
The  ceramic  phase  is  retained  to  a  greater  degree,  and  the  particles  appear  to 
be  completely  deformed.  The  ceramic  phase  now  is  the  matrix  for  the  lamellar 
metallic  phase. 


Coarse  Zr02  (av.  90p) 
Fine  NiCr  (Av.  40fi) 


Fine  Zr02  (Av.  40(a) 
Coarse  NiCr  (Av.  90(a) 


Medium  Zr02  (Av.  65p) 
Medium  NiCr  (Av.  65(a) 


Moderately  Fine  ZrOz  (Av.  50(a) 
Coarse  NiCr  (Av.  90(a) 


Figure  51.  Effect  of  Particle  Size  Ratio  of  Metal  and  Ceramic  Powders. 

Photos  of  Coatings  Prepared  from  Blends  Containing  15% 
NiCr -85%  Zr02  (250x) 


The  porosity  of  the  coatings  increased  with  increasing  ceramic  phase. 
Much  of  this  porosity,  however,  was  due  to  ceramic  particles  pulled  out  during 
metallographic  preparation.  Although  these  pull-outs  do  not  represent  true 
porosity,  they  are  areas  of  poor  bonding. 

Analysis  of  the  NiAl~Al2  Oj  coating  from  the  photomicrographs  was 
exceptionally  difficult  due  to  the  presence  of  five  different  phases.  The  presence 
of  the  different  Ni  and  A1  phases  obscured  the  Al2  C>3  phases.  An  X-ray  analysis 
of  a  nickel  coated  aluminum  coating  showed  that  nickel,  aluminum,  NiAl  and 
NijAl2  were  present  as  major  phases.  The  difficulties  of  interpretation  can  be 
seen  from  Figure  52.  Although  photomicrographs  were  not  extremely  helpful, 
apparent  coating  microst.ructure  and  the  trends  in  bond  strength  and  thermal 
shock  resistance  were  in  general  agreement  with  those  observed  for  NiCr-ZrOz 
coatings.  *  • 


The  influence  of  particle  size  ratio  on  bond  strength  and  thermal  shock 
can  be  seen  in  Figure  53.  The  coatings  prepared  from  the  blends  with  a  coarse 
ceramic  particle  (av.  90p)  and  a  fine  metal  particle  (av.  40p)  had  the  highest 
bond  strength  and  thermal  shock  resistance,  while  the  coatings  prepared  from 
the  blends  with  the  coarse  metal  particle  and  fine  ceramic  particle  had  the  poorest 
bond  strength  and  thermal  shock  resistance.  The  average  bond  strengths  for  the 
NiCr-Zr02  coatings  ranged  from  2400  psi  to  5100  psi  and  from  3100  to  4400  psi 
for  the  NiAl-Al2  Oj  coatings.  It  is  interesting  to  note  that  the  coatings  prepared 
from  the  coarse  ceramic  particles  and  fine  metal  particles  had  bond  strengths 
almost  1000  psi  in  excess  of  the  pure  metallic  coatings.  From  the  graph  of  Fig¬ 
ure  54  it  can  be  seen  that  the  bond  strength  increased  from  3600  for  pure  NiCr 
to  5100  psi  for  the  selected  NiCr-ZrOz  blend  and  from  3600  for  NiAl  to  4400  psi 
for  the  selected  NiAl-Al2  Os  blend.  It  appears  that  the  addition  of  irregular  coarse 
grain  ceramic  particles  in  the  matrix  of  the  metal  coating  can  improve  bond  strength. 

The  thermal  shock  resistance  followed  the  same  pattern  as  bond  strength 
(Figure  53).  Thermal  shock  resistance  improved  with  increasing  ceramic  particle 
size.  Failures  of  the  NiCr-Zr02  coatings  ranged  from  22  cycles  to  60  cycles, 
while  the  N1A1-A12  Oj  coatings  ranged  from  3  to  40  cycles.  II  is  interesting  to 
note  that  the  failure  of  the  pure  NiCr  coating  occurred  at  40  cycles,  whereas  the 
pure  NiAl  coating  failed  at  14  cycles. 

In  general,  bond  strength  and  thermal  shock  resistance  measurements 
were  in  good  agreement  and  quite  reproducible.  This  was  especially  true  for 
the  thermal  shock  measurements  where,  in  all  cases,  the  individual  values  were 
very  close  to  their  group  average. 

It  was  not  surprising  that  the  thermal  shock  resistance  and  bond  strength 
of  coatings  which  were  metal-rich  and  retained  only  a  small  amount  of  ceramic 
phase  were  so  high.  With  the  metallic  phase  more  closely  approximating  the  ther¬ 
mal  properties  of  the  substrate,  the  possible  stress-relieving  effect  of  the  sub¬ 
strate,  and  the  possible  stress  relieving  effect  of  the  irregular  ceramic  particles 
dispersed  through  the  metal,  it  is  not  difficult  to  predict  the  trends  observed. 
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BONO  STRENGTH  <PSi) 


Figure  52.  NiAl  Coating  Compared  to  NiAI-AI2  Os  Blended 
Coating  (250x) 


100  90  80  TO  60  50  40  30 

AVG  METAL  PARTICLE  SIZE 

Figure  53.  Influence  of  Particle  Size 
Variation  on  Bond  Strength 
and  Thermal  Shock  Cycles 
to  Failure 


Figure  54.  Influence  of  Fine 

Ceramic  Particles 
Dispersed  in  a  Metal 
Matrix 
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Bond  strength  specimens  prepared  on  substrates  without  a  molybdenum 
flashing  are  compared  to  identical  coatings  on  molybdenum  flashed  substrates  in 
Figure  55.  The  molybdenum  flashing  improved  bond  strength  NiCr-Zr02  coatings 
(2000  psi  to  2600  psi)  but  had  no  effect  on  the  NiAl-Al2  Os  coatings.  It  appeared 
that  the  molybdenum  flashing  acts  as  a  better  bonding  agent  than  the  steel  for  the 
NiCr-ZrO*  coating,  but  it  was  not  effective  with  the  NiAl-Al2  Os  coating.  This 
was  apparent  from  the  location  of  bond  failures:  the  NiCr-Zr02  coatings  always 
failed  at  the  Mo-NiCr-Zr02  interface,  while  failure  of  the  NiAl-Al2  Os  coatings 
was  in  the  molybdenum  or  at  the  Mo-steel  interface. 
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The  effect  of  spray  distance  from 
the  substrate  upon  coating  microstructure 
is  shown  in  Figure  56.  The  most  signifi¬ 
cant  effect  was  the  increase  in  ceramic 
phase  retained  in  the  coating  with  decreasing 
spray  distance.  Comparing  the  third  photo¬ 
micrograph  to  the  first  and  second  photo¬ 
micrographs,  it  is  apparent  that  the  shorter 
spray  distances  produce  a  coating  in  which 
the  metal  and  ceramic  particles  are  more 
lamellar.  A  relation  between  spray  dis¬ 
tance  and  bond  strength  could  not  be  clearly 
established. 


Figure  55.  Effect  of  Molybdenum  The  effect  of  the  input  power  level 

Flashing  on  Bond  Strength  in  plasma -s praying  a  ceramic -metal  com¬ 
posite  is  shown  in  Figure  57.  From  a 
comparison  of  the  four  photomicrographs, 
it  is  apparent  that  as  power  level  increases  from  11  KW  to  21  KW,  the  amount  of 
ceramic  in  the  coating  increases,  and  more  lamellar  structure  is  formed,  (a  direct 
indication  of  greater  melting  of  the  ceramic  particles).  As  shown  in  Figure  58, 
when  input  power  was  increased,  the  bond  strengths  of  the  NiCr-Zr02  coatings 
decreased  from  3400  psi  to  2500  psi.  This  was  not  unexpected  after  observing  the 
high  metallic  content  and  the  dispersion  of  irregularly  shaped  ceramic  particles 
in  the  microstructure  of  the  coatings  sprayed  at  the  lower  power  settings.  The 
NiAl-Al2  Oj  coatings  did  not  follow  this  pattern.  Although  there  was  an  initial  drop 
in  bond  strength  from  3000  psi  to  2600  psi,  the  bond  strength  then  increased  to  a 
final  value  of  3600  psi  at  the  higher  power  settings.  The  photomicrographs  of  these 
coatings  did  not  indicate  any  reason  for  this  unpredictable  behavior. 


The  influence  of  the  arc  gas  flow  rate  on  the  blended  coatings  was  unclear. 
In  general,  photomicrographs  of  the  same  blends  sprayed  at  arc  gas  flow  rates  of 
70,  90,  110,  and  130  SCFH  were  very  similar.  The  microstructure  of  the  coatings 
did  not  appear  to  be  affected  by  varying  arc  gas  flow  rate.  There  appeared  to  be 
some  influence  on  deposition  rate,  but  a  definite  trend  could  not  be  established. 

In  the  case  of  the  pure  oxide  coatings,  however,  there  was  a  definite  increase  in 
the  deposition  rate  as  the  arc  gas  flow  rate  was  decreased. 


112 


3  inches 


Figure  56.  Effect  of  Distance  from  Oun.  Photos  of  Coatings 
Prepared  from  a  Blend  Composed  of  15%  NlCr- 
85%  ZrOz  (250x) 


>  * 


17.  5  KW 


21  KW 


Figure  57.  Effect  of  Spray  Power.  Photos  of  Coatings  Prepared 
from  a  Blend  Composed  of  15%  NiCr-85%  Zr02  (250x) 
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Figure  58.  Bond  Strength  Versus-  Spray  Power 
Setting 

As  expected,  increasing  the  percent  of  ceramic  to  metal  in  the  presprayed 
blend  decreased  the  bond  strength  and  thermal  shock  resistance  of  the  coating. 

As  shown  in  Figure  59.  bond  strength  decreased  from  2900  to  1800  psi  and  thermal 
shock  resistance  from  45  to  2  cycles  with  an  increase  in  the  preblend  proportion 
from  65%  to  95%.  The  bond  strength  of  the  NiAl-Al2  Oj  coatings  dropped  from 
3400  to  2800  psi  as  the  percentage  of  Al2  Os  was  increased  from  50%  to  80%.  The 
90%  Al2  Oj  blend  departed  from  expectations,  with  bond  strength  increasing  to 
3500  psi;  photomicrographs  did  not  reveal  any  reason  for  this.  The  thermal 
shock  resistance  was  fairly  consistent  going  from  10  to  4  cycles  with  increasing 
percentages  of  Al2  Os.  It  was  interesting  to  note  that  only  in  those  blends  con¬ 
taining  over  90%  ceramic  did  the  sprayed  coating  closely  approximate  the  metal-* 
ceramic  ratio  of  the  presprayed  mixture.  Photomicrographs  of  the  changing  coating 
microstructure  with  change  in  volumetric  ratio  are  shown  in  Figure  60. 

Investigating  the  losr  of  ceramic  phase  for  several  blends  sprayed  under 
carefully  selected  conditions,  it  was  found  that  particle  segregation  was  occurring 
when  the  mixture  entered  the  plasma  stream.  A  well -blended  mixture  of  75% 
ceramic  and  25%  metal  remained  completely  homogeneous  until  entering  the  plasma 
effluent.  Selected  blends  were  carried  into  the  arc  gas  stream  and  sprayed  into 
a  silicone -coated  beaker  with  the  arc  turned  off.  No  segregation  of  phases  was 
observed.  However,  when  the  same  powder  blends  were  carried  into  the  arc  gas 
stream  with  the  arc  on  and  sprayed  on  a  glass  plate,  a  segregated  pattern  was 
observed.  It  is  interesting  to  note  that  on  one  occasion,  powder  segregation  did 
not  occur.  This  was  observed  with  a  worn  set  of  electrodes.  When  these  were 
replaced,  the  segregated  pattern  was  again  observed.  Electrode  geometry  was 
one  variable  not  under  complete  control.  This  single  observation  of  the  effect  of 
electrode  geometry  would  suggest  it  could  be  a  significant  variable. 
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%  CERAMIC  IN  PNCSaUYED  MIX 


Figure  59.  Bond  Strength  and  Thermal  Shock  Resistance 
Versus  %  Ceramic  Phase 

\ 


Figure  60.  Effect  of  Ceramic  to  Metal  Ratio  (250x) 


Obtaining  a  desired  microstructure  requires  the  proper  selection  of 
particle  size  ratio.  The  selection  of  a  fine  ceramic  particle  and  coarse  metal 
particle  gave  a  coating  with  lamellar  microstructure  closely  approximating  the 
presprayed  proportions,  but  with  relatively  low  bond  strength and  thermal  shock 
resistance.  The  selection  of  a  coarse  ceramic  particle  and  a  fine  metal  particle 
produced  a  coating  with  a  high  bond  strength  and  thermal  shock  resistance,  but 
lacking  a  microstructure  conducive  to  high  temperature  resistance  and  insulation. 
Moreover,  it  was  shown  that  coating  quality  depends  upon  proper  selection  cf 
spray  settings.  It  is  also  important  to  note  that  there  is  an  interdependency 
between  all  three  of  the  spray  variables  studied:  distance,  power  level,  and 
powder  size  ratio. 

MULTILAYER  GRADED  COATINGS 

Rond  strength  test  results  are  summarized  in  Table  38  for  specimens  of 
two  multilayer  graded  coatings,  a  NiCr-Zr02  and  a  NiAl-Al2  Os  system. 


Table  38.  Results  of  Bond  Strength  Tests  for  Graded  Coatings 


Material  System 

Sample  No. 

Bond  Strength  (psi) 

Mode  of  Failure 

NiCr  ~Zr02 

B-l 

2580 

In  graded  zone 

2 

2540 

3 

2480 

4 

2635 

5 

25'  V 

Avg. 

2560 

NiAl-Al2  Oj 

6 

2495 

At  Al2  Oj  graded 

7 

2345 

zone  interface 

8 

1935 

9 

2500 

10 

2075 

Avg. 

2270 

The  NiCr-Zr02  graded  coatings  had  an  average  bond  strength  of  2560  psi. 
Coating  separation  occurred  as  an  irregular  shear  line  which  passed  through 
the  second  and  third  graded  zones.  This  bond  strength  level  was  in  close  agree¬ 
ment  with  previously  measured  values  for  a  blended  NiCr-ZrOz  layer  (see 
Figure  53).  A  photomicrograph  of  a  typical  graded  NiCr-Zr02  coating  evaluated 
for  bond  strength  is  shown  in  Figure  61. 

The  NiAl -Al2  03  graded  coatings  had  an  average  bond  strength  of  2270  psi, 
and  failure  occurred  at  the  Al2  Oj  graded  zone  interface.  The  three  NiAl-Al2Oj 
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Figure  61.  NiCr-Zr02  Graded  Coating 


coatings  subjected  to  thermal  cycling  consistently  failed  on  the  15th  cycle. 

These  results  correlated  closely  with  the  thermal  shock  data  for  blended  layers 
as  shown  in  Figure  53. 

The  thermal  shock  resistance  of  the  NiCr-ZrOz  coatings  was  disappointing. 
Failure  occurred  during  the  fourth  cycle  of  exposure  at  the  initial  heat  flux  of 
560  Btu/ft2  sec. 

Analysis  of  the  test  specimens  showed  that*  in  all  cases,  failure  was  due 
to  spalling  of  the  top  Zr02  layer.  One  of  the  test  specimens  was  re -exposed 
to  thermal  shock  cycling  to  determine  the  extent  of  the  failure.  Although  some 
further  spalling  of  the  Zr02  layer  occurred,  the  graded  underlayers  did  not 
appear  to  be  affected.  This  would  suggest  that  the  thermal  shock  resistance  of 
ZrOz  was  not  significantly  improved  by  the  graded  underlayers.  However,  it 
is  interesting  to  note  the  improved  thermal  shock  resistance  of  a  Zr02  layer 
with  small  additions  of  metal  particles  (15%  NiCr-85%  Zr02  withstood  22  thermal 
shock  cycles). 


CONCLUSIONS  AND  RECOMMENDATIONS 

These  studies  have  shown  that  composite  coatings  tailored  for  specific 
requirements  can  be  prepared  by  plasma  spraying.  Predetermined  volumetric 
proportions  and  microstructures  in  a  binary  coating  can  be  obtained,  and  coating 
properties  such  as  bond  strength  and  thermal  shock  resistance  can  be  modified. 
Fabricating  the  desired  composite  requires  control  of  the  critical  process  vari¬ 
ables:  powder  particle  size  ratio,  spray  power,  and  spray  distance.  It  is  im¬ 
portant  to  recognize  the  interdependency  between  these  process  variables.  Heat 
transfer  from  the  plasma  effluent  to  the  particle  appears  to  have  the  most  critical 
relationship  to  the  thermal  and  physical  properties  of  the  materials  and  it  is 
directly  affected  by  the  selection  of  the  particle  size  ratio. 
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The  metallic  coating*  were  generally  more  dense  and  had  higher  bond 
strength  and  thermal  shock  resistance  than  the  ceramic  and  composite  coatings 
The  addition  of  coarse  ceramic  particles  dispersed  in  the  matrix  of  a  metal 
coating  improved  bond  strength  by  better  than  1000  psi.  This  improvement  may 
be  due  to  an  annealing  effect  induced  by  heat  retention  of  ceramic  particles  which 
reduced  the  cooling  rate  of  the  sprayed  coating. 

The  importance  of  the  thermal  conditioning  in  the  plasma  effluent  suggests 
the  need  for  further  studies  in  this  area.  Major  emphasis  should  be  placed  on 
the  development  of  more  accurate  methods  for  defining  the  heat  transfer  phenom- 
enon.  A  detailed  study  of  this  would  require  an  analysis  of  the  plasma  effluent 
and  characterization  of  enthalpy*  heat  flux*  velocity*  density,  and  temperature 
profiles.  The  nonuniform  nature  of  the  gas  stream  introduces  complications 
which  will  require  the  establishment  of  Mef£ective"  numerical  values  for  gas 
stream  properties.  It  will  also  be  important  to  determine  accurately  the  dis¬ 
tance  the  particle  must  travel  in  the  effluent  to  become  completely  molten. 

Calculations  of  particle  velocities  in  the  effluent  also  will  be  required 
for  a  more  complete  study  of  the  thermal  conditioning  process.  Laboratory 
verification  of  velocity  calculations  will  be  needed  prior  to  extensive  utilization 
of  the  relationships  derived  in  Appendix  II. 

In  addition  to  the  proposed  theoretical  studies,  a  program  to  develop 
tailored  composite  coatings  and  components  for  current  aerospace  requirements 
should  be  initiated  based  upon  knowledge  generated  from  the  present  research 
efforts. 

Current  and  expected  material  requirements  for  turbine  engine  and 
rocket  motor  applications  offer  interesting  possibilities  for  composite  coatings 
and  plasma-sprayed  free  standing  bodies.  Developmental  studies  directed 
toward  these  and  other  aerospace  applications  could  lead  to  the  development 
of  a  family  of  plasma-sprayed  composites  tailored  for  specific  thermal,  chemical, 
and  mechanical  properties. 


APPENDIX  I 


THEORETICAL  DETERMINATION  OF  PARTICLE  SIZE  RATIOS 
FOR  METAL-CERAMIC  POWDER  BLENDS 

A  review  of  the  photomicrographs  of  the  blended  coatings  prepared 
from  mixtures  of  NiCr  and  Zr02  with  selected  particle  size  ratios  indicated  that 
the  coarse  NiCr  (90p)  and  fine  Zr02  (50p)  particles  produced  the  most  desirable 
microstructures.  The  question  then  arose  as  to  the  possibilities  of  selecting  opti¬ 
mum  particle  size  ratios  by  theoretical  analysis  rather  than  by  experimentation. 

A  determination  of  optimum  particle  size  ratios  would  have  to  be  based  upon  an 
analysis  and  comparison  of  the  thermal  and  physical  properties  of  the  blend 
materials. 

An  initial  step  in  the  analysis  would  be  the  compilation  of  the  material 
properties.  Properties  for  NiCr  and  ZrOz  are  shown  in  Table  39.  From  the  data, 
it  is  apparent  that  NiCr  is  more  dense,  has  a  lower  melting  point  and  a  higher 
thermal  conductivity  than  Zr02.  From  the  nature  of  the  spray  process,  it  would 
be  reasonable  to  assume  that  the  melting  energy  is  one  of  the  more  significant 
factors  for  comparison.  Using  the  data  of  Table  39,  the  thermal  energy  required 
to  melt  a  particle  (L^)  can  be  calculated  according  to: 

Lm  =  £1T  (cPxTm+  Hf>  U) 

where 

L  =  Thermal  energy  required  for  melting  (Btu) 
pm  =  Material  density  (lb/ ft3 ) 

D  =  Particle  diameter  (cm) 

Tm  =  Melting  temperature  (°F) 

Cp  =  Specific  heat  (Btu/lb) 

Hf  =  Heat  of  fusion  (Btu/lb) 

Comparing  the  thermal  energy  requirements  as  a  function  of  particle  diameter  for 
NiCr  and  Zr02,  the  following  ratio  is  observed: 

Ln  =  TCiW  (0*  13  X  2600  +  125)  °*n  (2a) 


Lz  =  T(l|ij"~  (°-  15  x  4700  +  304)  °3z  (2b) 
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where 


Ln  =  Thermal  energy  required  to  melt  NiCr 
Lr  =  Thermal  energy  required  to  melt  Zr02 


Ln 

Lz 


0.  69  (Dn)3 


(2c) 


Table  39. 

Material  Properties 

Material 

Density 

R/cc 

Melting 

Point 

°F 

Specific  Thermal 

Heat  Expansion 

Btu/lb.  °F  in/in °F 

Steel 

7.9 

2650 

0.  13  8.  5  - 

10  x  10"6 

Molybdenum 

10.  2 

4700 

0.08  3-4.5 

x  10~6 

NiCr 

8.  36 

2600 

0.  13  6.  5  x 

9. 5  x  10“6 

Zr02 

5.  6 

4700  to 
5010 

0.  15  6.  5  x 

10~6 

Material 

Thermal 
Conductivity 
Btu/hr  ft  °F 

Heat  of 

Fusion 

Emittance  cal/g  :role 

Elastic 

Modulus 

psi 

Steel 

a 

00 

Approx. 

4000 

30-20  x  106 

Molybdenum 

90-40 

0.  2 

6,  660 

45  x  106 

NiCr 

8-18 

0.  4 

Approx. 

4000 

35-25  x  106 

ZrOz 

1.  2 

0.  28 

20,800 

20  x  106 
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For  particles  of  equal  diameter,  the  Zr02  would  require  greater  thermal  energy 
for  melting.  Furthermore,  the  Zr02  would  travel  through  the  plasma  effluent 
with  a  higher  velocity  than  NiCr  because  of  its  lower  density.  Thus,  for  a  NiCr- 
Zr02  blend  of  equal  particle  sizes,  it  can  be  assumed  that  the  NiCr  would  melt 
in  a  shorter  spray  distance  than  the  Zr02  since  it  travels  at  a  lower  velocity 
and  requires  less  thermal  energy. 

If  a  particle  is  injected  into  the  plasma  effluent  at  a  point,  Pt ,  and  is 
carried  a  distance  (S)  to  point  P2 ,  where  it  impinges  on  a  substrate  in  a  completely 
molten  state,  the  thermal  energy  (Q)  absorbed  by  the  particle  is  equal  to  the 
average  rate  of  heat  transfer  (q)  multiplied  by  the  residence  time  (t^).  If  no 
ablation  occurs,  and  the  particle  has  just  reached  the  molten  state  on  substrate 
impact,  the  total  thermal  energy  (Q)  absorbed  by  the  particle  is  equal  to  the 
melting  energy  (1),  thus 


Q  = 


t  = 
r 


S 

V 

P 


Lm 


(3) 

(4) 


q 


s 

v 

p 


s 


L  V 
m  p 

q 


(5) 


(6) 


where 


Q  =  Total  thermal  energy  absorbed  (Btu) 

t  =  Residence  time  (sec) 

fif  =  Spray  distance  (ft) 

V  =  Average  particle  velocity  (ft/sec) 

=  Heat  transfer  rate  (Btu/sec) 

For  spraying  a  mixture  of  two  materials  (Mt  and  M2),  selection  of  particle 'sizes 
would  be  based  upon  the  requirement  that  both  materials  be  molten  at  point  P2, 
Since  spray  distance  (S)  would  be  the  same  for  both  materials: 


qi 


s  =  himlii. 

qz 


(7) 


t 
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A  rough  Approximation  describing  the  relationship  of  particle  velocity  as  a 
function  of  particle  diameter  (D)  and  particle  density  (p)  is  given  in  equation  (8). 


(8) 


where 


p  *  Density 
D  =  Particle  diameter 

The  substitution  of  equation  (8)  into  equation  (7)  and  the  rearrangement  of  the 
equation  results  in  the  following: 

lEL  =  SLk™L  =  £i£l  (9) 

q2LMr  pxD,  ^ 

Combining  equations  (9)  and  (2c)  and  substituting  density  values  of  8.  4  and 
5.6  gm/cc  for  NiCr  and  Zr02  yields  the  following: 


If  the  rate  of  heat  transfer  to  particles  of  NiCr  and  ZrOz  is  assumed  to  be  the 
same,  then  the  optimum  diameter  of  the  NiCr  particle  will  be  1.  46  times  larger 
than  the  diameter  of  the  ZrOz  particle.  Thus,  if  a  diameter  of  50p  is  selected 
for  the  Zr02  particle,  a  diameter  of  73 p.  would  be  required  for  the  NiCr  particle. 
An  empirical  analysis  of  NiCr-Zr02  blend  indicated  that  for  a  50p  diameter 
ZrOjs  particle  the  optimum  diameter  for  a  NiCr  particle  was  90|x.  This  results 
in  a  particle  size  ratio  of  1:1.  8.  The  discrepancy  between  the  calculated  and 
observed  ratios  probably  arises  from  the  simplifications  employed  in  the  velocity 
approximations  and  in  the  assumptions  employed  in  the  heat  transfer  analysis. 

A  more  accurate  determination  of  an  optimum  particle  size  ratio  would  require 
a  more  precise  evaluation  of  particle  velocity  and  the  rates  of  heat  transfer. 
Models  for  calculating  particle  velocity  have  been  developed  by  Keith,  as  given 
in  Appendix  2,  and  by  Engelke  (Ref.  15).  According  to  Keith: 


V  =  V 
P  g 


Dp  p 

P 


(ID 
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where 


V  =  Particle  velocity  (ft/ sec) 

P 

Vg  =  Effluent  velocity  (ft/ sec) 

p  =  Effluent  density  (lb/ft3 ) 

g 

t  =  Time  (sec) 

p  =  Density  of  the  particle  (lb/ ft3) 
P 

As  derived  by  Engelke 


■where 


u 


V  =  -Vg  exp(-18ut/D2  p) 
P 


Effluent  viscosity  (Ib/ft  sec) 


(12) 


Models  for  calculating  rates  of  heat  transfer  have  been  developed  by  Engelke  and 
Smith  (Refs.  15  and  16).  As  with  the  velocity  calculations,  considerable  data 
defining  the  condition  of  the  plasma  effluent  are  required.  Obtaining  these  data 
would  require  an  involved  empirical  analysis  of  the  plasma  effluent. 


As  derived  by  Engelke  (Ref.  15),  the  rate  of  heat  transfer  designated 
by  (\AT)  is: 


( \  AT) 


LmD 

vr 


(13) 


where 

X.  =  Coefficient  of  heat  transfer  (Btu/ft  hr  °F) 
S  =  Distance  particle  must  travel  co  reach  the 
molten  state  (ft) 

AT  =  Temperature  difference  between  the  gas 
and  the  particle  (°F) 


The  most  critical  empirical  determination  in  the  equation  is  S,  the  distance  the 
particle  must  travel  to  reach  the  molten  state. 

Another  approach  for  determining  the  rate  of  heat  transfer  would  lie 
m  the  assumption  that  the  principal  mode  of  heat  transfer  is  convection  and 
therefore: 


q  =  hATA 


(14) 
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where 


h  =  Film  coefficient  (Btu/ft2  sec  °F) 
A  =  Particle  surface  area  (ft2) 
q  =  Rate  of  heat  transfer  (Btu/sec) 


The  film  coefficient  (h)  would  be  the  most  difficult  factor  to  determine  since  it 
is  a  function  of  particle  shape,  size,  roughness,  and  viscosity,  as  well  as  of 
the  gas  properties  of  temperature,  velocity,  viscosity,  and  density.  The  deter¬ 
mination  of  the  rate  of  heat  transfer  (q)  is  further  complicated  by  the  fact  that 
the  properties  of  the  plasma  effluent  vary  both  with  distance  from  the  torch  exit 
plane  and  with  position  in  the  effluent  cross  section. 
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APPENDIX  H 


THEORETICAL  DETERMINATION  OF  THE  VELOCltf  Y-TIME  RELATIONSHIP 
OF  PARTICLES  BEING  ACCELERATED  BY  A  MOVING  GAS  STREAM 

ROGER  KEITH* 

In  the  course  of  arc -plasma-jet  flame  spray  operations,  a  stream 
of  powdered  material  is  injected  into  a  jet  of  moving  gas  and  is  accelerated 
by  it.  It  is  often  desirable  to  calculate  the  resulting  velocities  of  the  particles 
at  various  distances  from  the  point  of  injection,  and  the  formulas  given  here 
will  describe  the  motion  of  the  particles  with  sufficient  accuracy  for  practical 
purposes. 

The  drag  force  on  a  particle  is  given  by 

Fd  =  CAppu‘/2gc  {I) 

where  C  =  drag  coefficient,  dimensionless;  A  =  projected  area  of  particle 
in  the  direction  of  motion,  sq.  ft.  ;  p  =  density*of  surrounding  fluid,  lb.  /cu.  ft.  ; 
u  =  relative  velocity  between  particle  and  fluid,  ft.  /  sec.;  and  g  =  dimensional 
constant,  32.  17  lb.  mass  -  ft.  /lb.  force-sec2. 

The  inertial  force  on  a  particle  is  given  by 

F.=Wa/gc  (2) 

where  F.  =  the  inertial  force  tending  to  accelerate  the  particle,  lb.  force; 
w  =  the  weight  of  the  particle,  lb.  mass;  and  a  =  the  acceleration  of  the 
particle,  ft.  /sec2. 

In  the  case  of  a  horizontally-accelerated  particle,  the  vertical 
component  of  motion  is  us  xally  negligible  and  of  little  or  no  interest.  In  this 
case,  the  drag  and  inert!  .1  forces  are  equal  in  magnitude,  and  from  equations 
(1)  and  (2): 


C  Appuz/2  =  W  a  (3) 

Since  the  plasma-jet  is  highly  turbulent,  it  can  be  assumed  that  the 
Reynolds  number  for  the  fluid  is  in  the  Newton's  law  regime,  which  covers 
values  from  1000  to  200,  000.  In  this  region,  the  drag  coefficient  has  a 
fairly  constant  value  for  spheres.  This  is: 

C  =0.44  (4) 
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Noting  also  tivs  dimensional  roUtioDiUpi  for  the  spherical  particle 

*  »D*/4  {5) 

P 

and  W  -  p  wD*  fit  (6) 

P 

where  D  =  the  diameter  of  the  particle,  ft. ;  and  p  U  the  density  of  the 
particle,  lba.  -mass /ft*,  and  the  relationship  P 

u  =  Uf  -  U  (7) 

where  =  the  velocity  of  the  fluid,  ft.  /  sec. ;  and  U  =  the  velocity  of  the 
particle,  ft.  /  sec. ,  then  equation  (3)  can  be  modified  to  yield: 

0.  33pdt/Dp  =  dU/(U  -U)a  (8) 

P  f 

by  setting  a  -  dU/dt,  where  t  =  time,  in  seconds. 

Integrating  this  expression  with  respect  to  time  yields 

Ci+  0.  33p  t/Dp  =  1/<U,  -U)  (9) 

P  1 

and  noting  that  when  t  =  0  then  U  =  0,  thus  C\  =  1/U^  and 

1/Uf+  0.  33pt/Dpp  =  l/(Uf-U)  (10) 

which  relates  the  velocity  of  the  particle  and  time. 

Rearranging  equation  (10),  the  following  expression  is  obtained 
dS  =  U, dt-dt/(l/U.  +  0.  33p  t/Dp  )  (11) 

ft  p 

by  setting  U  =  dS/dt,  where  S  =  the  distance  traveled  by  the  particle  from 
rest,  feet. 

Integrating  equation  (11)  with  respect  to  time  yields 

S  =  Uft  -  (3.0  Dpp/p)  In  (1/Uf  +  0.  33  pt/DPp)  +  C2  (12) 

Defining  S  =  0  at  t=  0,  then 


C2=  (3.0  Dpp/p)  In  (1/Uf)  (13) 

and 


S  =  Uft+  (3.0  Dpp/p)  [ln(l/Uf)  -  ln(l/Uf+0.  33pt/Dp  )]  (14) 

which  is  the  desired  equation  relating  position  of  the  particle  and  time. 
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APPENDIX  IU 


A  SIMPLE  THEORY  FOR  PREDICTION  OF  THE  THERMAL 
EXPANSION  OF  COMPOSITE  MATERIALS 

ROGER  KEITH* 

For  a  composite  material,  a  thin  cross  section  may  be  taken  in  which 
the  configuration  of  material  is  essentially  constant  throughout  the  small  dimen¬ 
sion  of  the  slice;  in  other  words,  both  faces  of  the  disc  are  identical  in  their 
mapping  of  the  two  components,  and  further  sectioning  of  the  slice  would  reveal 
only  further  duplication  of  this  mapping.  If  it  is  assumed  that  only  longitudinal 
forces  need  be  considered,  neglecting  radial  and  tangential  forces,  stresses, 
strains,  and  so  forth,  then  the  slice  of  the  actual  material  shown  in  Figure  62 
can  be  replaced  by  the  model  rigid-block  system  of  Figure  63: 


Figure  62.  Thin  Slice  of  Figure  63.  Model  Rigid- 

Actual  Composite  Block  System 

Substitute 

where  the  relative  cross-sectional  areas,  and  thus  the  masses,  of  the  two  com¬ 
ponents  are  present  in  the  same  ratio  in  each  model,  and  relative  rotation  of  the 
piece  shown  in  Figure  63  (as  in  a  bimetal  strip)  is  forbidden. 

For  a  material  having  a  fractional  composition  of  N  of  component  one 
by  volume,  this  volume  may  be  represented  as: 

Vi  =  A,L  (1) 

at  the  original  temperature  of  the  system  (see  Figure  64).  Similarly,  considering 
the  volume  of  component  two  and  adding  the  two  values,  the  total  volume  of  the 
system  at  the  original  temperature  is: 

Vi  +  V2  =  (A,  +  A2  )L  (2) 

and  the  fractional  volume  of  component  one  is  defined  as: 


(A,  +  A2  )L 


Ai 

A,  +  A2 


(3) 
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Similarly, 


and 


1-N 


A, 


Ai  +  A> 


(4) 


(5) 


If  the  temperature  is  increased  by  AT,  then  the  pieces  will  increase  in  length 
by  amounts  AXj  and  AX2  where: 


AXj  -  otj  LAT 


(6) 


and 


AX2  =  a2  LAT  (7) 

where  aj  and  a2  are  the  coefficients  of  linear  thermal  expansion  for  the  two 
materials.  Assigning  the  designations  of  "component  one"  and  "component  two" 
to  the  two  materials  comprising  the  sample  such  that 


aj>  a2  (8) 

is  true,  then  it  follows  that  AXj  >  AX2  .  (9) 

However,  if  the  pieces  are  bonded  together  so  that  no  shear  is  permitted  along 
the  juncture  of  the  two  pieces,  and  they  behave  as  if  rigidly  capped  with  bending 
forbidden,  as  shown  in  Figure  65,  then  their  behavior  will  more  closely  approx¬ 
imate  that  of  the  original  material  depicted  in  Figure  62. 


Figure  64. 


Dimensions  of  Model 


Figure  65.  Block  System 


Note  that  the  two  component  materials  of  the  pieces  shown  in  Figures 
62  and  63  are  forced  to  expand  equally  as  the  temperature  is  changed  and  that 
the  force  to  compress  the  more  rapidly  expanding  material  is  supplied  by  the 
tension  of  the  less  rapidly  expanding  one.  Referring  once  more  to  Figure  64, 
application  of  the  compressive  force  F,  to  material  one  will  achieve  a  new 
height  (H)  which  is  defined  as  the  new  dimension  of  the  composite  produced 
by  the  action  of  temperature  and  interior  stresses,  and  is  also  equal  to  the 
new  height  achieved  by  material  two  under  the  action  of  the  tensile  force  F2  : 

H  =  L+AX,-AY,  =  AX2+AY2  (10) 

An  apparent  coefficient  of  linear  thermal  expansion  for  the  material 
(aj)  may  be  defined  as: 


H  =  L+ajLAT  =  L(l+a,j  AT)  (11) 

Note  that  from  a  force  balance  about  the  upper  plane  of  the  specimen, 
since  the  system  is  at  rest, 


SF  =  O  (12) 

Therefore, 

Fj  =  F2  (13) 

Assuming  that  these  materials  are  within  the  Hooke's  law  region  of 
linear  stress -strain  relationships,  considering  the  strain  to  be  A/H,  where  H 
is  the  gage  length,  and  that  the  modulus  of  rigidity  for  the  components  is  con¬ 
stant  with  temperature,  then 


and 


El 


lil*L 

AY,  / H 


E2 


Fi  /  A2 
AY2  /H 


where  E,  and  E2  are  the  moduli  of  elasticity  for  the  two  components. 


(14) 


(15) 


Combining  with  equations  (13),  (14),  and  (15): 

gjAiAY,  _  EjLALAYiL 
H  H 

Cancelling  H's  and  combining  with  equation  (10): 

E,  A,  (L+AX, -H)  -  E,  A,  (H-L-AX,) 


(16) 


(17) 
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and  combining  with  equations  (6)  and  (?); 

Ej  Aj  (L+otx  LAT -H)  ”  E2  A2  (H-L  -a  2  LAT) 
Substituting  equation  (11)  to  give  a  function  of  a,  in  place  of  H: 

Ei  Ai  (L+a.!  LAT  -L -a3 LAT)  =  E2  A2  (L+a3  LAT -L-a2  LAT) 
Combining  L's  and  multiplying  throughout  by  LAT: 

Ei  A,  =  (ai-aj)  =  E2A2(a3-a2) 

and  rearranging: 


Ei  Aj  a3  -Ei  Ai  a3  =  E2  A2  a3  -E2  A2  a2 
Ei  Ajax  +  E2  A2  a2  =  Ej  Aj  a3  +  E2  A2  a3 


a3 


E.i_A1ai  +  E2  A2  a2 
Ei  Aj  4  E2  A2 


Dividing  through  by  (Ai  -A2  )  and  applying  equations  (3)  and  (4): 


(18) 


(19) 

(19a) 

(19b) 

(19c) 

(19d) 


=  !l%!E t  (i-N)a g 

3  EjN+E2(1-N) 


(20) 


Equation  (20)  can  also  be  solved  for  N  by  the  following  manipulations: 


E3Na34E2  (1-N)a3  =  Ex  Na3 4E2  (1  -N)a2 

(20a) 

Ei  Na3  =  E,Na3  =  E2(l-N)a2 

(20b) 

EiN(a1-aJ)  =  E2  (1  -N)(a3  ~a2  ) 

(20c) 

Ej  N(a3 -a3)4NE2  (a3 -a2  )  =  E2(a3-a2) 

(20d) 

N  [Ej.  (ttl  -as  )+E2  (a,  -a2  )]  =  E2  (a3  -a2  ) 

(20e) 

N  =  - E2  (aa  -ttz  ) 

Ei  (aj  -a3  )4E2  (a3  -a2  ) 

(20f) 

Note  that,  although  the  equations  are  derived  assuming  that  a  linear 
stress  -strain  relationship  is  present  for  each  of  the  composite  components,  the 
derivation  may  be  applicable  to  materials  which  do  not  exhibit  such  properties. 
For  example,  a  brittle  material  which  possesses  compressive  strength  but  little 
or  no  tensile  strength  (a  typical  vitreous  substance)  will  perform  according  to 
the  assumptions  of  the  model  if  it  may  be  considered  to  be  component  one  of  the 
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derivation,  that  ia,  if  its  coefficient  of  linear  thermal  expansion  is  greater 
than  the  other  component,  and  will,  therefore,  be  placed  in  compression  by 
the  action  of  temperature  increase. 

In  most  cases  where  two  materials  are  being  employed  with  differing 
thermal  expansion  coefficients,  the  glassy  material  has  a  lower  thermal  ex¬ 
pansion  coefficient  than  the  plastic  or  metallic  companion  material,  glasses 
having  typically  low  expansion  coefficients.  Fortunately,  in  the  application  of 
this  model,  the  same  situation  which  makes  the  assumptions  inept,  often  also 
makes  the  material  itself  inept:  When  the  ceramic  is  placed  in  tension  it  fails 
when  the  Hooke's  law  region  is  exceeded,  so  that  materials  which  might  not  fit 
the  previous  assumptions  might  also  be  poor  materials  of  construction. 

Prestressing  has  been  used  to  eliminate  this  objection,  recently  by 
application  of  external  mechanical  stresses  and,  from  antiquity,  through  the 
application  of  the  natural  stresses  which  occur  as  the  composite  pieces  cool 
after  firing.  This  process  imposes  thermal  contractile  forces  which  shrink 
the  first  component  more  than  the  glassy  second  component,  placing  the  glassy 
substance  in  mechanical  compression  and  the  other  component  in  tension.  The 
effect  of  this  prestress  is  to  keep  the  vitreous  substance  in  compression  so 
that  it  can  exhibit  strength,  until  the  forming  temperature  is  exceeded.  (Usually 
this  is  also  the  sintering  temperature  and  an  upper  limit  on  the  strength  of  the 
piece  due  to  viscous -flow  failure,  so  the  lack  of  strength  above  the  forming 
temperature  is  not  a  handicap.) 

For  purposes  of  checking  the  derived  equations,  three  composite  sam¬ 
ples  of  selected  proportions  were  prepared  from  E  glass  fiber  and  an  epoxy 
resin.  Samples  were  prepared  from  1.  94,  ?1.  85,  and  28.  03  weight  percent 
glass  fiber  for  thermal  expansion  measurements.  The  results  of  these  measure¬ 
ments  were  as  follows: 

1.  94%  fiber  -  73.  20  x  10*'*  in/ in/  *C 
31.  85%  fiber  -  11.  10  x  10"‘  in/in/ ‘C 
28.  03%  fiber  -  10.  50  x  10'4  in/in/  *C 

The  thermal  expansion  coefficient  of  the  glass  is  5.  9  x  10"4  in/in/ *C 
and  105  x  iO’4  in/in/ *C  fqr  the  resin  system  (Genamide  2000  and  Epon  815).  The 
density  is  2.  55  g/cc  for  the  glass  and  1.  2  g/cc  for  the  resin  system.  Young's 
modulus  is  10.  5  x  104  psi  for  E  glass  and  0.  35  x  104  psi  for  the  resin  system. 

Substituting  the  above  values  into  the  equation  derived  the  coefficients 
of  expansion  for  composites  containing  1.  94,  31.  85,  and  28.  03%  fiber  as  follows: 

a  -  j&Ngg  t-g.rl1  -.N)qr  ,2n 

c  EgN  +  Er(l  -N)  V  ' 
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where  <xc  =  the  coefficient  of  thermal  expansion  of  the  composite,  ag  and  ar  = 
the  coefficient  of  thermal  expansion  for  constituents  g  and  r  (where  g  is  the 
E  glass  and  r  is  the  resin},  E  =  Young's  modulus,  N  =  volume  percent  of 
glass. 


1)  for  1.  94  weight  percent  fiber 
N  =  0.  01  1-N  =  .  99 

ag  =  5.  9  x  10”4  in/in/ *C  ar  =  105  x  10 “4  in/in/  *C 
Eg  =  10.  5  x  104  psi  Er  -  .  35  x  104  psi 

a  -  (10-  S  x  104  )(.  01)(5,  9  x  10~4  )  +  .  35  x  104  )(.  99)(105  x  10~4  ) 

(10.  5  x  10*  )(.  01)  +  (.  99)(.  35  x  104  ) 

_  .  105  x  (5.  9  x  10~4  )  +  .  3465(10*  x  10"4  ) 

. 105  x  3465 

.  6Z  x  10~4  +  36.  4  x  10“4 
.4515 

ac  =  =  82  *  10-4  in/in/ *C  (22) 

The  experimentally  measured  value  was  73  x  10-4  in/ in/  °C. 


2)  for  28.  03  weight  percent 
N  =  . 155  1-N  =  . 845 

-  (10-  5  x  104  )(5.  9  x  10~4)(.  1 55)+ (.  35  x  IQ4  )(105  x  10"4  )(.  845) 
(10.  5  x  104  )(.  15)  +  (.  35  x  104  )(.  845) 

62  x  10"4  (.  155)  +  36.  7  x  10~4  (.  845) 
ac  "  1.  58  +  . 296 


9.  6  x  10~4  4-31  x  10~4  _  40.  6  x  10~4 
ac  1.876  =  1.876 

a  =  21. 6x10  "4  in/in/  °C 
c 


(23) 


The  experimentally  measured  value  was  15.  5  x  10~4  in/in/ °C. 


3)  for  il.  85  weight  percent  fiber 
N  =  .  18  1-N  =  .  82 
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«C  * 


(10.  5  x  10*  )(S.  9  x  10"*  )(.  18)+(.  35  at  10*  )(105  x  10"*  ){.  82) 
(10.  5  x  10*  )(.  18)+ (.  82)(.  35  x  10*  ) 


-  <62  x  10***  H.  18HQ6.  7  x  10“*  )(,  82) 
1.  89  +  2.  86 


ac  = 


11.  13  x  10”* +30  x  10“*  41.13x10“* 


2.  176 


2.  176 


ac  =  19  x  10“*  In/ in/  *C.  (24) 

The  experimentally  measured  value  was  11  x  10"*  in/in/ *C. 


The  thermal  expansion  coefficient  values  calculated  for  the  glass  resin 
.composites  were  consistently  higher  than  the  measured  values  by  approximately 
7.  5  x  10"*  in/in/ *C.  The  nature  of  the  discrepancy  between  the  calculated  and 
measured  values  would  suggest  that  this  difference  is  due  to  an  error  in  the  ex¬ 
perimental  method  employed  in  the  expansion  determinations.  This  could  not  be 
verified  due  to  the  subsequent  disassembly  of  the  equipment.  However,  it  does 
appear  that  the  equations  derived  for  the  expansion  coefficient  provide  reasonable 
working  approximations. 
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APPENDIX  IV 


EVALUATION  OF  CANDIDATE  ABLATIVE  MATERIALS  DATA 

FOR  X-15  APPLICATION 

Included  in  this  appendix  are  the  data  from  the  evaluation  of  candidate 
ablative  materials  for  X-15  application  in  the  arc -plasma -jet.  These  data 
consist  of:  test  duration,  decrease  in  specimen  weight,  depth  of  erosion,  and 
final  front  and  back  surface  temperatures,  as  well  as  substrate  temperature¬ 
time  histories  for  each  test.  Post-test  specimen  photographs  are  also  included. 

A  discussion  of  these  test  results  is  included  in  the  text  of  this  report 
(pages  82  to  86). 


t 


1  35 
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Figure  66.  Substrate  Temperature -Time  History  of  Various  Materials  Exposed  to  15  Btu/ft2  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  50  mils.  Thermocouple  Located 
Within  Approximately  10  mils  of  Bondline,  Unless  Otherwise  Noted 
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Figure  67.  Substrate  Temperature -Time  History  of  Various  Materials  Exposed  to  40  Btu/ft*  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  50  mils.  Thermocouple  Located 
Within  Approximately  10  mils  of  Bondline 


-SOO  / 


Figure  68. 


Substrate  Temperature -Time  History  of  Various  Materials  Exposed  to  40  Btu/ft*  sec  Heat 
Flux  Environment.  Ablative  Material  Thickness  Nominally  50  mil.  Thermocouple  Locate 
Within  Approximately  10  mils  of  Bondline,  Unless  Otherwise  Noted 


Figure  70.  Substrate  Temperature-Time  History  of  Various  Materials  Exposed  to  40  Btu/ft2  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  1/4  Inch.  Thermocouple  Located 
on  Back  Surface  of  Substrate,  Unless  Otherwise  Noted 


Figure  71.  Substrate  Temperature -Time  History  of  Various  Materials  Exposed  to  40  Btu/ft  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  3/8  Inch.  Thermocouple  Located 
on  Back  Surface  of  Substrate 


EC  High  EC  Medium 


Substrate  Temperature-Time  History  of  Various  Materials  Exposed  to  150  Btu/ft*  sec  Heat  Flux 
Environment.  Ablative  Material  Thickness  Nominally  1/4  Inch-  Thermocouple  Located  oti  Back 
Surface  of  Substrate 
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Figure  74.  Sub 
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Figure  75.  Substrate  Temperature -Time  History  of  Various  Materials  Exposed  to  150  Btu/ft*  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  3/8  Inch-  Thermocouple  Located 
on  Back  of  Substrate 


bstrate  Temperature -Time  History  of  Various  Materials  Exposed  to  150  Btu/fta  sec  Heat 
ux  Environment.  Ablative  Material  Thickness  Norliinally  3/8  Inch.  Thermocouple  Located 
.  Back  Surface  of  Substrate.  Unless  Otherwise  Noted 
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Figure  77.  Substrate  Temperature  -  Time  History  of  Various  Materials  Exposed  to  150  Btu/ft*  sec  Heat 

Flux  Environment.  Ablative  Material  Thickness  Nominally  3/8  Inch.  Thermocouple  Located 
Within  Approximately  10  mils  of  Bondline,  Unless  Otherwise  Noted 


Table  40.  Results  of  Manufacturer  AG  Filled  Epoxy  Formulation  Exposed  to  Arc 
Plasma-Jet  Effluent 


Results  of  Manufacturer  A  Fibrous  Ablative  Composite  Exposed  to  Arc-Plasma- 
Jet  Effluent 


Table  44.  Results  of  Manufacturer  E  Subliming  Epoxy  Exposed  to  Arc -Plasma -Jet 


'able  46.  Results  of  Manufacturer  EG  Low  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc -Plasma- Jet  Effluent 


Table  47.  Results  of  Manufacturer  EG  Low  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc -Plasma- Jet  Effluent 


Results  of  Manufacturer  EG  Low  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  A  c -Plasma- Jet  Effluent 


156 


Table  49-  Results  of  Manufacturer  EG  Low  Density  Silicone  Elastomer  Without 
Honeycomb  Exposed  to  Arc -Plasma- Jet  Effluent 


i  able  50.  Results  of  Manufacturer  EG  Medium  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc  -Plasma  -  Jet  Effluent 


'able  52.  Results  of  Manufacturer  EG  High  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc. -Plasma- Jet  Effluent 


Tabl"  53.  Reeults  of  Manufacturer  EG  High  Density  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc -Plasma -Jet  Effluent 
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Table  54.  Results  of  Manufacture r  EG  High  Density  Silicone  Elastomer  Without 
Honeycomb  Exposed  to  Arc -Plasma -Jet  Effluent 


Table  55.  Results  of  Manufacturer  GR  Ablative  Polymer  Exposed  to  Arc -Plasma- Jet 
Effluent 
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T  ible  56.  Results  of  Manufacturer  GR  Ablative  Polymer  Exposed  to  Arc -Plasma- Jet 
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Table  57.  Results  of  Manufacturer  GA  Ablative  Composite  Exposed  to  Arc -Plasma -Jet 
Effluent 
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Table  58.  Results  of  Manufacturer  GA  Ablative  Composite  Exposed  to  Arc  -  Plasma*  Jet 
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Table  59.  Results  of  Manufacturer  M  Microballoon  Filled  Silicone  Elastomer  in 
Honeycomb  Exposed  to  Arc -Plasma- Jet  Effluent 


Results  of  Manufacturer  MC  Silicone  Elastomer  in  Honeycomb  Expo 
Arc -Plasma -Jet  Effluent 


Results  of  Manufacturer  MC  Silicone  Elastomer  Without  Honeycomb 
Exposed  to  Arc -Plasma -Jet  Effluent 


Table  63.  Results  of  Manufacturer  MC  Modified  Silicone  Elastomer  in  Honeycomb 
Exposed  to  Arc -Plasma-Jet  Effluent 
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Table  64.  Results  of  Manufacturer  MC  Modified  Silicone  Elastomer  Without  Honeycomb 
Exposed  to  Arc-Plasma-Jet  Effluent 
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1!  ABSTRACT 


(U)  This  report  describes  the  evaluation  of  candidate  materials  systems  for  high 
temperature  aerospace  applications  and  is  presented  in  three  sections:  the  eval¬ 
uation  of  refractory  alloy  coatings,  the  arc  plasma  jet  evaluation  of  materials  and 
the  evaluation  of  plasma  sprayed  coatings. 

Section  I  describes  the  evaluation  of  two  columblum  base  alloys,  D~43  and 
C129Y,each  with  six  different  oxidation  resistant  coatings. 

In  Section  II  the  results  of  screening  tests  of  several  ablative  materials  by 
arc  plasma  jet,  and  the  development  of  a  plasma  fired  rocket  exhaust  simulator 
are  discussed. 


Section  III  describes  the  evaluation  of  factors  that  affect  the  bond  strength  and! 
thermal  cycling  endurance  of  plasma  sprayed  ceramic  costings  modified  with  meta! 
additions.  ! 
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